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INTRODUCTION 


In a detailed theory of a group of physical phenomena an analogy is 
exhibited between observed facts and the logical consequénces of a self- 
consistent mathematical structure. The analogy constitutes the theory. 
A theory is valued for the diversity of the phenomena which it describes 
and correlates, and for the stimulus it furnishes for the discovery of new 
experimental facts. The mathematical structure should be of such nature 
that the analytical manipulations required in the derivation of the theo- 
rems can be readily performed. 

Judged in this light, the Maxwell- Poe theory has attained a de- 
gree of success little short of marvelous. Its triumphs have forced it into 
the position of an ultimate theory. With Maxwell, light became an elec- 
tro-magnetic phenomenon, and the subject of electromagnetic radiation 
was opened for investigation. With the electron theory of Lorentz, mat- 
ter became an electrical complex. Through the immediate success of this 
theory, ànd influenced by à vast amount of experimental evidence that 
was soon forthcoming, the conviction grew that all physical phenomena 
were electromagnetic. The viewpoint of physicists toward electromag- 
netic theory today is determined by their belief in the basic róle played 
by the theory. Its fundamental character makes it necessary that the 
definitions and concepts of the theory be stated with special care and 
precision. Its concepts are the most fundamental concepts of physics. 
To “explain” electromagnetic action is meaningless. Simplicity of state- 
ment and recognition of the fundamental character of the concepts are 
the demands. The basic mathematical structure of the theory consists. 
of a set of vector differential equations, the "field equations" of the elec- 
tron theory. This is the form of statement a century after the science of 
. electrodynamics was born. The viewpoint toward these equations is, like 
the equations themselves, a result of evolution during that century. 

The first half of the century saw the acceptance of the conception of 
action at a distance for electromagnetic phenomena, and action in a 
medium for optical phenomena. With the names of Ampére, Weber, 
Grassmann, Gauss, Reimann, Neumann, Kirchoff, Helmholz, Clausius, 
and Betti is associated the development of mathematical expressions for 
laws of electrodynamic action. Forces between current elements or mov- 
ing charges were either expressed directly or through the aid of auxiliary 
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vectors, or as Lagrangian derivatives of a function playing the róle of a 
kinetic potential. These laws were all point laws, giving the action of 
charges on charges with no attempt to describe the way in which these 
forees, acting at different points of space, could arise. In the earlier theo- 
ries there was no suggestion of an actual propagation of effects from one 
point to another, but a suggestion of this nature was contained in a 
letter which Gauss wrote to Weber in 1845. He mentioned that he had 
himself (in 1835) attempted to deduce the fundamental law for electro- 
dynamic action, but had never published his results because he had 
failed to accomplish that which seemed to him the real task—the deriva- 
tion of the law from a consideration of the propagation of effects with a 
finite velocity. Kirchoff in 1857 noticed the coincidence between the 
value of the velocity of light and that of the ratio of the electrical units. 
In 1858 Riemann presented a paper to the Góttingen Academy in which he 
assumed a finite velocity of propagation, and deduced that this must be 
equal to the ratio of the units, and hence to the velocity of light. In 1867, 
Lorenz, of Copenhagen, extended the theory of Neumann, obtained ex- 
pressions for the retarded vector and scalar potentials which are equiva- 
lent to the forms commonly used today, and was led independently of 
Maxwell to the conception of light as an electromagnetic phenomenon. 
The difference in viewpoints is, however, striking; for Lorentz considered 
that if light were shown to be electromagnetic in nature there was no 
longer the necessity for maintaining the hypothesis of an aether. The 
action at a distance theory was thus moving certainly toward the dis- 
covery of time lag in effects and toward the electromagnetic theory of 
light. Maxwell reached this goal, however, by an attack from quite a 
different angle, and in the glare caused by his brilliant investigations 
much of the work just mentioned was lost sight of. 

Impressed by Faraday's conception of lines of magnetic and electric 
force, and by Kelvin's analogies of the electric and magnetic field of force 
with heat flow, elastic deformation, and fluid motion, Maxwell turned his 
attention aside from elements of current or charge, and conceived of all 
phenomena as due to conditions existing in a mechanical medium. From 
his equations there resulted the determination of the velocity of propa- 
gation of effects. Maxwell at once identified the mechanical medium of 
his theory with the aether which optical phenomena had long since led 
physicists to consider, and founded the electromagnetic theory of light. 
Light became an electromagnetic phenomenon, but electromagnetism an 
aether phenomenon. The vectors of Maxwell's theory expressed the state 
of the aether. Confidence was not lacking that the specification of the 
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aether as an elastic medium could be obtained, so that the field equations 
would follow from the laws of mechanics. Heaviside and Hertz, avoiding 
discussion of the detailed mechanical models which Maxwell considered 
in the derivation of his equations, simplified the analytical statement of 
the theory. The resultant field equations were universally accepted as 
the basis of electrodynamic theory. The psychological effect of Max- 
well’s work was also far reaching in character. Many of his outstanding 
results were certainly correct, and these successes, together with the 
recognized genius of the man himself, naturally impressed upon the fu- 
ture development of the subject not only the analytical expressions for 
which he was responsible but also his methods of thought and his point 
of view. He gave to physicists a more systematic treatment of the sub- 
ject than they had had, a treatment capable of bolder extensions, a theory 
amazingly successful in explaining old results and predicting new ones; 
and behind it all was the idea, so comforting to the English physicists, 
of a mechanical analogy. If there were difficulty or dissatisfaction be- 
cause of vagueness of definition and complexity of the underlying con- 
cepts, it was overwhelmed by the prestige obtained by the great achieve- 
ments of the theory. Through the following years the concepts of the 
Maxwell theory became firmly fixed in the mind of each student of phy- 
sics. There was so much talk about lines of force, tubes of force, stresses 
in the medium, and localized energy that an easy familiarity with the 
terms began to carry with it a sense of understanding and reality, and 
curiosity became dulled as the years passed by. The idea of a medium 
whose state was expressed through the equations of the field was funda- 
mental to the theory, and the idea of action at a distance seemed to retain 
a historical interest only. 

The next great advance was the formulation of the electron theory of 
Lorentz. He conceived that all electromagnetic and optical interactions 
of matter were due to the presence of corpuscular charges, “‘electrons,”’ 
within the matter. This is a partial return to the earlier viewpoint, 
in which the action of charge on charge played the entire róle. But 
with Lorentz, the Maxwell theory is preserved. Instead of direct de- 
scription of the action of charge on charge, the theory is phrased in terms 
of the action of medium on charge, and charge on medium. Electrons 
produce a “‘field’’ which is propagated in the medium, and which acts on 
all other electrons. The róle of the medium, in Lorentz’ theory, becomes 
far more clearly that of an intermediary only. With the negative result 
of all aether drag experiments, the proof of the covariance of the field 
equations under the Lorentz transformation, and the statement of the 
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theory of relativity, the aether, as a mechanical concept, vanished. To it 
was not even left the róle of determining a system of reference. The idea 
of the field remained, however, as its trace, and electromagnetic theory 
remained a field theory, whether the field was thought of in terms of its 
components with their energy densities or as a world-tensor. 

The end result of Lorentz’ theory is the direct description, through 
the retarded potentials, of the action of charge on charge. Thus, though 
this is not at all the viewpoint of Lorentz' own presentation, we may con- 
ceive that we are back in spirit to action at a distance, but action after a 
lapse of time. Whether we use the langüage of action at a distance or ac- 
tion in the medium is obviously a matter of words only, if the analytical 
formulations are really equivalent; but it is not a matter of indifference 
if the question becomes one of extension or modification of the theory. 
In such attempts, intuition is led by the picture accepted as fundamental. 
If the electrodynamic field be considered as fundamental, such concepts 
as the localization of energy in space and flux of energy density seem a 
compelling, not an arbitrary, assumption. Certainly, in consideration of 
such a searching question as the reconciliation of quantum ideas on 
energy interchanges with general theory, the type of attempted modifica- 
tion will depend upon the choice of viewpoint in this particular. 

The great scientific task of the next fifty years is the development of a 
new “electromagnetic” theory. It is impossible to forecast the form 
such a theory will take, so greatly are we prejudiced by our present views. 
It will, however, doubtless be based on a quantitative description of the 
individual behavior of charges, and will yield as statistical concepts such 
ideas as inertia, force, and even length and time. Thus it will explain the 
mechanical behavior of ponderable matter, rather than be itself ‘ex- 
plained” by mechanics. That this new theory should yield ideas such as 
those just mentioned, rather than depend upon them, is but consistent 
with the basic róle this theory must play. 

Pending the advent of this new theory, it is essential to have a knowl- 
edge of that system of equations which constitutes the present electro- 
magnetic theory. Remembering that the future of the theory lies in the 
hands of the present students, it seems of the greatest importance to 
arrive at these equations in a way which will excite, rather than dull, 
euriosity, and which tends to produce that attitude toward fundamentals 
which must prevail before a real electron theory of electricity replaces 
the present electrical theory of electrons. 

The present volume is an introduction to the mathematical field the- 
ory of electrodynamics, written in an attempt to keep clear the relation 
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between the mathematical mechanism and the physical reality. It is 
hoped that a student who gains his familiarity with the Maxwell field 
equations from this book will have an open mind, ready to evaluate with- 
out prejudice those fundamental new developments in electrical theory 
which are bound to come. The authors realize that this volume closes 
just at that interesting point where many valuable developments begin. 
However, just as, according to the behaviorists, one’s psychology is largely 
"set" before he reaches the age of three, so one’s viewpoint toward 
electrodynamics is a fixed and settled matter by the time one has acquired 
the field equations and has discussed certain of their most fundamental 
applications. It is with this viewpoint that the authors are primarily 
concerned. 


The authors wish to acknowledge their indebtedness to Mr. Ivan 
Sokolnikoff, Instructor of Mathematics at the University of Wisconsin, 
for his kind and efficient assistance in the reading of proof. 
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Part I. DISCRETE CHARGES 


INTRODUCTION 


Part I of this chapter introduces the fundamental inverse square law 
for the electrostatic action between two concentrated charges. This re- 
lationship is then extended, by means of the superposition principle, to 
cover the case of any number of discrete charges. The mutual electro- 
static energy V of a configuration of charges is defined as the amount of 
work which must be done against the electrostatic forces to produce the 
given configuration, starting from a configuration in which each charge 
is very far distant from any other charge. This quantity Y depends, for 
its value, on the location of every charge, and is thus a function of the co- 
ordinates of each charge. If the co-ordinates £e, Ye, Ze of one charge e be 
allowed to change, all the other charges remaining fixed, the function Y 
varies, the change corresponding physically to the fact that work must 
be done to move the charge e. The rate at which Y varies when e is moved 
in any direction—mathematically expressed, the directional derivative, 
taken at the position of e, of the function Y(x., Ye, z.)—gives the com- 
ponent of the electrostatic force on e in that direction. This leads to the 
introduction of a vector VY, called “nabla psi," whose component in 
any direction is the rate of change Y in that direction, the force on any 
charge then being given in terms of this vector VY. In computing such 
rates of change of Y itis clearly possible to disregard portions of V which 
do not depend upon Te, Ye, Zee The extraneous part of W is therefore dis- 
carded, and the remaining portion is e times a quantity which is defined 
to be the “electrostatic potential" at ze, Ye Ze The negative nabla of this 
electrostatic potential is also given a special name—the “‘electrostatic 
intensity.” 


$1. Coulomb’s Law and Superposition of Effects —The basis for the 
analytic study of electrostatics is Coulomb’s law of force. This law was 
suggested and even roughly verified before the experiments of Coulomb 
(1785), but belief in its validity was not general previous to that time. 
Using a torsion balance, he found that the force between two small 
charged bodies was along the line joining them, and varied inversely as 
the square of the distance, provided this distance was large compared to 
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the linear dimensions of the two bodies. For such distances the extension 
of the bodies may be disregarded, a single point may be taken as giving 
the location of each body, and the law of force may be written in the 


vector form* 


€1€9 
F; =K aout Ti2 ° 
Ti» 


In this equation ri? is a vector of unit length pointing from one body 
having the charge ei, toward the other body, of charge e». Fz is the vector 
force acting on body 2, and ry is the distance between the bodies. The 
measurement of the charges e; and e depends upon the value chosen for 
the proportionality factor K. In this book, following Heaviside and 
Lorentz, the value of K is taken as 1/47, and the law of force becomes 
(1) F= i cR "ij 

Like unit charges at a distance of 1 centimeter thus repel each other with 
a force of 1/4r dynes. This “rational” unit of charge is smaller than the 
older electrostatic unit, corresponding to the choice K —1, in the ratio 
1/V 4r . Thus if e’ be the measure of a charge in the older electrostatic 
units, and e the measure of the same charge in the units here adopted, 
then 5 

V/4m e'—e. 


The modern theory interprets a charged body as one with an excess 
or deficit in the number of its electrons, the total charge being the devia- 
tion from the normal number times the electronic charge 


V4q (4.77 x10-1), 


The charge of an electron itself is considered negative, on account of 
earlier unfortunate conventions, so that a body with a deficit of elec- ` 
trons is called “positively charged." 

The force between charged bodies may then be considered as due to 
forces between the elementary charges, an electron being an elementary 
negative charge, and the nucleus of an atom being an elementary positive 
charge. It is obviously in accord with the experiments which establish 
(1) to assume: first, that at distances large-compared to atomic dimen- 

* Jt is assumed, in the early sections of this chapter, that the charges under con- 
sideration are located in “free space." The modification necessary when the charges 
are located in a polarizable medium will be discussed later. All vectors are repre- 
sented by bold face. 
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sions there is an electrostatic force between each pair of elementary 
charges which obeys Coulomb's law; and, second, that these forces 
superpose without alteration, i.e., that the force on a charge due to 
several charges is the vector sum of the forces which would be exerted 
by these charges separately. 

It should not be concluded that these assumptions are the only ones 
in accord with the experimental facts of electrostatics. Such experiments 
deal with the average value, taken over appreciable times, of the gross 
effect of large groups of charges. The actual force between pairs of ele- 
mentary charges might follow any law which gives the inverse square 
law as a statistical result, i.e., as the time mean of the sum of the forces 
between an enormous number of pairs of charges. It is, however, these 
gross effects which are under discussion.in electrostatics, and for such 
purposes it suffices to assume Coulomb's law between elementary charges 
at large distances and vector superposition of forces. 

It is a matter of some practical importance to note that for the pur- 
poses of electrostatics the nature of the law for very small distances is a 
matter of indifference, except for the fact that one form of the law may 
be more convenient than another for calculation. It would be quite in 
keeping with the experimental facts to assume, for example, the law 

F= 7s, B(ra)ria , 
provided that 8(ri;) is a factor which reduces effectively to unity for all 
except very small distances ri. If, in particular, it be desired to have a 
form which reduces to zero, instead of becoming infinite when ri; — 0, then 


B could be chosen as j 
B(riz) — eri, 


where a is sufficiently small, an example of which is plotted in Figure 1. 
$2. Mutual Electrostatic gira 

Energy V of a Configuration 

of Elementary Charges.—The —! 
mutual electrostatic energy 
of a set of elementary 
charges is defined as the 
work which must be done 
against the electrostatic 
forces to bring the charges 
to their given positions, starting from a configuration of "infinite sepa- 
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10^ "cm. 5:107 9cm. 10 "cm. 
Fre. 1.—Graph of 8(ri;) 
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ration,” i.e., a configuration in which all the charges are very far apart. 
The amount of work is, of course, the same as that done by the 
electrostatic forces when the charges are allowed to separate from 
their configuration to one of infinite mutual separation. It will be seen 
that this work is independent of the paths along which the charges move, 
and is thus completely determined by the configuration. Consider first 
the case of two charges e; and es, located at points P, and Ps. Let ei be 
kept fixed, while e; is allowed to recede along some definite path. Let s» 
measure length from P» along this path, and let ri; be the distance from 
the charge e, to the charge e», so that riz is a function of s. Then the 
component of electrostatic force acting on e» tangent to the path at any 
point is 

(F2),, vet E COS (Ti, S2) , 
but since 
dra 


ds» 


COS (ris, S2) = 


this may be written 


"T €1€5 dri _ | €1€2 d (5) 
E G2), = Arr? ds Am ds» T19 


the value of the derivative being taken at the point where the force com- 
ponent is desired. 


The work done by the electrostatic force when e recedes is therefore 


gate ( ^ dg 
kas ef ds.) j 


(3) 


where, in the last expression, 72 is the distance between the charges when 
they are in the configuration whose energy is being reckoned. The form 
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of the integral giving the mutual electrostatic energy shows at once that 
the energy does not depend on the path over which e; moves; for the 
integrand is a derivative with respect to se, whose integral with respect to 
s2 depends only upon the limits, i.e., only upon the initial and final posi- 
tions of the charge ez. 

The mutual electrostatic energy Wi» of the two charges is a number 
characteristic of the mutual con- 
figuration. If the position of either  r dr, 
charge be changed, this number 
changes, and Wy» becomes a function 
of the parameters which give the 
location of the charge in question. 
If, as was supposed above, e; moves q M 
on a path along which se measures 
distance, the mutual energy Y. for any position s» of e; is a function of 
8» (since riz depends upon s2), and the component of force in the direction 
8» at any point on the path is - 


aa 2 (2)- AV 2 


Aq ds. T19 


the value of the derivative being taken at the point where the force is 
desired. In particular, the component of force in the direction of se at 
the point P; is j 


a dV. 
(Fa), = ( ds; jtt . 


In computing a component of electrostatic force on a charge, the idea 
of the motion of the charge on a given path is obviously extraneous, and 
there is, indeed, nothing in the analytical form of the last equation which 
need involve the idea of a path or motion. The expression* 


C) 
dso 890 


is a directional derivative of the function Y; giving its rate of change at 
the point P; in the direction se. Thus (2) may be re-written simply 


* See Appendix, $3, A, for a discussion of directional derivatives. 
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where, on the right, it is understood that the rate of change of Y; in a 
direction s» is calculated for the point P». In calculating this derivative 
one end of ry is fixed at Pı, while the other end is variable. 

It follows at once from the principle of superposition that the work 
done when n charges e;, located at points Pi, P», ... . Pa, are allowed 
to recede to a state of infinite mutual separation, is given by 

EN 1 S €i€j 
(4) t=? eed 
each pair of charges appearing once in the summation. The component 
of force in a direction s, on any one charge e due to the others is given 
by 
dV 


(Fr), as wages ion r 


In forming this directional derivative, all the ri; 74k, are constant, 
while each rà is a function of s+, one end, P;, being fixed, while the 


other end is variable. 
$3. The Vector Force F Expressed as —V¥.—The equation express- 
ing the component in a direction s of a vector 


C=iC,+jC,+kRC. , 
where i,j,k are unit vectors in the directions of the co-ordinate axes, is 
C,— C, cos (s,x) J- C, cos (s,y)+C, cos (s,2) . 
By comparison of this equation with the equation 
Lege as acd Mi icd 
ds Ords Oy ds dz ds’ 
-= cos (2)+5, cos (s,y) A cos (s,z) , 


for the directional derivative of any function (x,y,z), it is seen that 
dó/ds is the component in the direction of s of a vector whose compo- 
nents in the co-ordinate directions are 0&/dz, 0/9y, 0/0z. This vector 
is written V® (read “nabla phi"), so that 


|.09 db | 06 
ieee: NDA de o 
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Thus* 


d® 
ds pex (VS), e 


Now the maximum component of a vector is the component in the direc- 
tion of the vector itself. Therefore V, operating on a scalar-point func- 
tion, produces a vector-point function which at every point has the direc- 
tion of the greatest rate of increase of the scalar function, and whose 
magnitude measures that rate of increase. Thus if z—f(x,y) be thought 
of as a surface, z being measured vertically, the two dimensional vector 
Vf is given by 


Sof 


hir oy 
Vistas 


J oy S 


At any point x,y this vector has the direction of the projection on the 
zy-plane, of that tangent line to the surface at the point z,y,f(z,y) which 
points “up hill" on the surface, i.e., which makes a greater angle with 
the horizontal than any other tangent line at this point. The magnitude 
of Vf is, moreover, the slope of this direction of steepest ascent. 

As a second example of the use of this operator, let r be the distance 
between P(z,y,z) and P'(z', y’, z’). Then 


r= (z—a!)*4- (yy) (62 , 
and . 
SOT putes ya or 
Vr=i era! apa 32 ; 


c UID CRUÉNEU CELA 
ies EE d. deme T Se grease 


The length of the vector Vr is 


MEDE =v Gcr. 


E ^ 


and it points, as is seen from its components (or directly from the mean- 
ing of the operator nabla), from P’ toward P. Thus 
Vr=r , 


* The partial-derivative notation is sometimes used for directional derivatives. 
See remarks at the end of Appendix § 3, A. 
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where y’ is a unit vector from P’ toward P. Moreover, 
TI Vr or 
Po Tee 


When the function upon which the nabla operates contains more than 
one set of variables, the set with respect to which the differentiation 
involved in V is to be taken can be indicated by means of a subscript 
or superscript on the symbol V. Thus 


Or: Tor or 
Le 5 
V (PER cem sv Oz! , 
V'r=—Vr=-r’, 


and obviously 
(5) Vf(rys- v'f(r) 


for any function f. 

Now the vector force on any one of a group of elementary charges may 
be expressed in terms of the nabla of the function giving the mutual 
electrostatic energy of the configuration. For since 


it is evident from the foregoing discussion that 
(6) Fi- — Vy " 


where the differentiatior indicated by the differential operator V, is to 
be taken with respect to the variables £r, yx, 2; fixing the position of the 
charge e;. The energy is indeed a function of £r, yx, Ze, all the rij, j= k 
being constant, while each rà is a function of £r, Yk, Zi. 

$4. Electrostatic Potential and Electrostatic Intensity.—Consider a 
configuration made up of a charge e and n other charges e;. The total 
mutual electrostatic energy of this configuration is conveniently written, 
when one is interested in the force on the charge e due to the other 
charges e;, in the form 


W=V.+¥; , 
=f yli, l 5 eit 
4m : E Un 2 Tij i: 
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where re is the distance from e to e; and where, in the second sum, 
every pair e; and e; of the n charges is taken once. The portion Y; of 
the total energy may be called the internal electrostatic energy of the 
configuration formed by the charges e;. This internal electrostatie ener- 
gy, however, is, in general, dependent upon the presence and location of 
the charge e, for the positions of the charges e; are, in general, depend- 
ent upon the location of the charge e. The portion V. of the total ener- 
gy may be called the electrostatic energy of the charge e when in the 
presence of the charges ei. The advantage of separating the total mu- 
tual electrostatic energy into these terms is one of mathematical con- 
venience in reckoning the force Fe on the charge e. For the portion V. 
contains all the terms of Y which depend upon £e, Ye, Ze the co-ordi- 
ordinates of the charge e. Therefore l 
Fe=-VW=-V.W., 
where, as above, 


F € €i 
Hee EE 
L 4T Te 


The coefficient of e in this expression is called the electrostatic poten- 
tial at the position e due to the charges e;. Thus 


(7) pz-—- 


where, for simplicity of notation, the distance to e; from the point at 
which the potential is being calculated is now written r;. Accordingly, 


Fe=—eV È. 


The coefficient of e in this expression—i.e., the force per unit charge 
acting on e—is also given a special name. It is called the electrostatic 
intensity E due to the charges e;. That is, 


(8) =— V D 
and 


Fe=ecE. 


The electrostatic potential @ and the electrostatic intensity E, consid- 
ered from a purely analytical point of view as the scalar and vector 
point functions defined by the foregoing equations, can obviously be 
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calculated at any point in space. It is clear, however, from their defini- 
tions as coefficients of e that these quantities have direct physical signifi- 
cance only at points at which charges are located. 


PROBLEMS FOR PART I, CHAPTER I 
1. Given 
u-ryz, 
find du/ds, if s measures distance in a direction which makes equal 
angles with the positive co-ordinate axes. 


2. Referring to Problem 1, what is the numerical value of du/ds at a 
point P of co-ordinates (1,2,1)? What is the approximate difference 
in the values of u at P andata second point P’ which is 0.01 units 
of distance from P in the direction s? 


3. Given: 
P=r+y+z2, 
what is dr/dx and d(1/r)/dx? 


4. A vector A is 5 units long and has direction cosines 1/2, —1/2. 
1/2V 2. What are its components? Draw the vector. 


cQ 


. Referring to Problems 1 and 4, what is the rate of change of u in the 
direction of A ? 


6.. A vector B has a length of 5 units and makes equal angles with the 
negative z-axis, the positive y-axis, and the negative z-axis. What 
are its direction cosines and its components? 


7. Referring to Problems 5 and 6, what is the component of A in the 
direction of B ? 


8. If A represents a force and B a displacement, what is the work. 
done? 


9. Given: 


p= xyz; 
what is Vp? 


10. Given: 
l r!—(r—z)*c-(y—y)*---2a*, 


compute and discuss vi and vi . 
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Given a surface 
z-—2*-F3zy, 


z being pointed upward; in what direction will a particle slide if 
placed on this surface at the point (1,2,7) ? 


Assuming the surface of Problem 11 to be smooth, what are the z- 
and y-components of the horizontal force which would just prevent 
the particle from moving? 


. Show that the operator 


Jud ad à 
V=l P Suy Em +k 3: 
is distributive. 

Interpret the equation 
q=—k V0, 


where k is thermal conductivity and 8 is temperature. 


. If u is a function of z,y.z, show that Vu is normal to the surfaces 


u= constant. 


. Show that the electrostatic intensity at a point P(z,y,z) due to 


charges e; located at points (x', y, 2;) is 


prod 


E Tar Tj 
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Part II. COMPLEXES or CHARGE 


INTRODUCTION 

As was seen above, the total electrostatic force between two small 
charged bodies is, in some cases, to be described by Coulomb's law, in 
which the spatial distribution of the bodies is neglected. The total charge 
of each body and the distance between the bodies determine the force. A 
body may, however, be in electrostatic interaction even if it have no total 
charge. For example, a small uncharged piece of glass is acted upon by a 
small charged body with a force which does not obey Coulomb's law as 
applied to the bodies as a whole. The total effect, in this case is due to 
the spatial distribution of the positive and negative elementary charges. 

In any case the total electrostatic force between groups of charges 
is given exactly by summing the action of each elementary charge on 
every other elementary charge. As a step in carrying out this summation 
process, it 1s found convenient to calculate the potential due to each 
group of charges. 

In the following pages the potential due to the charges forming a 
small group or "complex of charges" is represented in terms of a con- 
vergent series in inverse powers of the distance to the complex. The first 
term of this series depends only on the total charge of tbe complex. 
This corresponds to the Coulomb law applied to the complex as a whole. 
But even in very small complexes it is not sufficient to consider this term 
alone, for the effect of spatial extension may yield a term just as impor- 
tant as the Coulomb term. In fact, there are important cases in 
which the Coulomb term is zero, so that the second term of the series, 
which depends upon spatial extension of the complex of charges, is then 
the leading term. This second term depends. upon the quantity Zei, 
where l, is the vector locating e; with respect to some point within the 
complex. This vector quantity is called the “polarization” of the complex, 
and can clearly have a non-vanishing value when the total charge of the 
complex (and hence the first term of the series) is zero. 

It is clear that in determining the action between two complexes of 
charges, the forces on the charges of one complex will affect their 
positions, and thus their actions on the charges of the second complex. 
This, in turn, affects the positions of this second set of charges, and so on. 
To resolve this problem of interaction, it is necessary to have a relation- 
ship between the polarization of a complex and the intensity due to the 
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distant charges. It is assumed that when a neutral and unpolarized 
complex is subjected to the electrostatic influence of distant charges, the 
polarization produced in the complex by the differential shift of positive 
and negative charge is proportional to the intensity due to the distant 
charges. Such would be the case, for example, if the displacements of all 
charges be small, and if they be opposed by forces which, like elastic 
restraining forces, are themselves proportional to displacement. 


$5. Force between a Single Charge and a Complex.—A group of 
charges will be referred to as a complex when these charges are con- 
tained within a volume whose dimensions are small compared to the 
distance to the charge or charges whose interaction with the complex 
is under consideration. The force on a charge e due to any set of charges 
e; is given, in terms of the potential due to the charges, by the equation 


Fe=— e VÈ, 
where 
1 ĉi 
TTA 
If the set of charges e; form a complex, an approximate expression for 
this potential may be obtained e. 


by expanding the quantities l Cam 

1/r; in converging power series o z E 
in l;/r, where l; are the dis- ' 

tances of e; from a point O with- 


in the complex, and where r is the distance from O to the location of e. 
Indeed (see Fig. 4), 


, 2l; 0; A qs 
rii- r?-- P — 2rl; cos aji] 1 — (S) J 


Fia. 4 


dole dame diae gl pi 

mes ri toG COS 0; 1)4- 275 8984. a i ó 
T/N 

2 I 9 P,(cos 0;) , 


where P, is the so-called Legendre polynomial of degree n, i.e.,* 


1x Sesh ERETT (cane Ty o 
Mir ipu. ome j FEES 
n(n—1)(n—2)(n—8) na | 
du srenpet in WCE qum ep 


* See, c.g., Byerly's Fourier Series and “~herical Harmonics, p. 10. 
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Thus the potential at e due to the complex of charges e; may be written 
1 
(9) drbu- Bets Zejil; cos ai Zeil 3 (cos? 6;—4)+..... 


The first term of this expansion of ® is the value this function would 
have, were a total charge Le; concentrated at O. The variation of this 
term, when the co-ordinates z., Ye z. of e are allowed to vary, corre- 
sponds to a force depending upon the charge e, the concentrated charge 
Zei, and the inverse square of the distance. It is obvious that if all pow- 
ers of l;/r, including the first, be dropped, so that the spatial extension 
of the complex be entirely disregarded, the expression for the potential 
would reduce to this Coulomb-law term which involves simply the 
charges e and Ze;, and the mutual distance r. 

In the second term of the expansion, the coefficient of 1/r? appears 
as the sum of the projections on r of vectors li, each multiplied by the 
charge e;. The coefficient is, then, the same as the projection on r of the 
vector sum 


(10) peli , 


which will be called the “polarization of the complex" relative to the 
point O. The coefficient of 1/7? in the second term may thus be written* 


p eos 0, 


where @ is the angle between the vector p and the direction from O to 
the location of the charge e. This second '"'polarization" term in the 
expansion for the potential may appear even if the total charge Ze; of 
the complex be zero. The term is entirely characterized by the value of 
the vector sum p, i.e., by the polarization of the complex; and it is 
evident that different configurations of the charges ei, simple or compli- 
cated, having the same polarization, are entirely equivalent as far as this 
term is concerned. In a discussion which involves this term only, it is 
often convenient to adopt a simplified picture of the complex. Consider 
a configuration consisting of two equal and opposite charges +e and 
—e, the position of +e with respect to —e being given by a vector l. 
Then if 
el=p, 

it is evident that the term of lowest order due to this pair of charges is 
identical with the polarization term due to the complex ei. 


* See also Part II, Problem 5, of this chapter. 
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If one is willing to abandon a physically possible model, this pair of 
charges can be idealized into a so-called “doublet,” by permitting l to 
approach zero, while the magnitude of the charges increases indefinitely 
in such a way that the product el is always equal to p. It is evident 
that the total effect of such a doublet is equal to the polarization term 
due to the complex; for if 1 approaches zero while el remains constant, 
all the other terms in the expansion of 4 for the doublet approach zero, 
since they contain higher powers of l. The magnitude p of p is called 
the “moment” of the polarization, or of the equivalent doublet, and the 
direction of p is called the “axis” of the polarization, or of the equivalent 
doublet. 

As regards the first two terms in the foregoing expansion for the po- 
tential, it is clear that any complex is equivalent to a single charge 
of magnitude Ze; and a doublet of polarization f. Both the Coulomb term 
and the polarization term depend upon the choice of location of O within 
the complex. The nature of this dependence is indicated in number 11 
of the problems listed next below. 

The foregoing remarks have been restricted to the first two terms of 
the series for ®. It is not possible, on purely mathematical grounds, to 
decide how many terms of this expansion are required to obtain a suffi- 
ciently accurate value for the potential. A physical argument will be 
given, in $ 9, to show that in ordinary problems only the first two terms 
are to be retained. Were all charges of the same sign, the second term 
would always be much smaller than the first, since the ratio of the con- 
tribution a given charge makes to the second term and to the first term is 
the small quantity l; cos 0;/r. Thus, in the case of charges of one sign, 
the rapidity of convergence of the series, and, accordingly, the approxi- 
mation obtained by breaking off at any given point, is determined in a 
simple way by the smallness of the ratio l;/r. This is why, in the theory 
of gravitational potential, it is customary to retain only the first term. 
The theory of electrostatic potential is, then, fundamentally more compli- 
cated, since Ze; may vanish so as to make the first term zero, while, at 
the same time, the second term is not zero. In the same way 1t 1s con- 
ceivable that the first two terms vanish, and the third be the leading 
term. The number of terms to be retained would thus have to be deter- 
mined by direct examination in-each special case were it not for the 
physieal arguments, referred to above and to be given later, which 
eliminates the necessity of considering terms beyond the second. 

'The nature of the polarization term in the expression for the potential 
may be better understood by considering the case of à complex whose 
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total charge is zero, but which is polarized; and for which all the terms 
beyond the second in the expansion of ® are zero. The force Fe on a 
charge e due to this complex may then be written 

ep cos 6 


Fe=—e VETE TT € p 


? 


and the components of this force in the directions of increasing r and 0 
respectively are* 


(11) (F9, Nc» (v. cos ") _ .€p 9 Cos 6_ 2p cos 0 


4r r? 4r Or r AT pr? 


cos A _ epl 9 cos0 ep sin 6 
6 


ONE E HL. 
de. Mac. 4r (v. r2 4rr 00 r 4r r 


The force on the complex as a whole is, of course, equal and opposite to 
Fe. The angle y between the direction of r and the direction of the 
force Fe is given by 

y (F ee 31 sin 0 
ds (Fe), 2 cos 0 


= tan 0. 


In Figure 6 curves are drawn having at every point the direction that Fe 
would have if, keeping the configuration of the complex itself constant, 
the charge e were located at that point. 

§ 6. Force and Torque between Two Complexes.—The exact expres- 
sions for the effect of one group of charges e; on a second group of 


Fia. 5.—The components of force on a charge e due to a complex of polarization p 


charges e; may also be given simpler approximate forms when each of 
the groups is a complex, i.e., when the distances between the charges of 
one group are small compared to the least distance to any charge of the 
other group. The force due to the first complex on a charge e; of the sec- 
ond complex is given by 
—e, Vb =e;Ei, 
* See Part II, Problem 4 of this chapter. 
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where ® is the potential due to the charges e; and where E; is the 
value at the location of e; of the electrostatic intensity E due to the 
charges e;. The force F on the second complex due to the first complex 


is thus given by 
F-Zej;Ei. 


a 


e 


Fi. 6. (Vaken by permission from Jeans, Electricity and Magnetism) 


Let O be some point within the second complex, and let li be vectors 
locating e; with respect to O. Then this sum may be simplified by ex- 
panding E in a Taylor's series about the point O, thus obtaining the 
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special values E; of the function E, in terms of the value of E and its 
successive derivatives at O, and in terms of the distances l; from O to 
ei. In fact, 
dE 
Ze;Ei— (E)sZei4- Zeili E: 3! Fire om), d rr. 
where the subscript 0 indicates that the value of the quantity is to be 
taken at O. 

It follows from the definition of E that its magnitude cannot ex- 
ceed, at any point P, the value Z]e;|/4«r?, where ro is the least dis- 
tance from P to e;. It is, in fact, evident that the value of E at P 
would be increased (or unaltered) by making all the charges. positive and 
moving them all to the position of the one nearest P. Similar upper 
bounds may be obtained for the successive directional derivatives of E. 
In fact, for a single charge, 


dE| |dE| 26 
dr| Arr 

'Thus the rate of change, in any direction, of the intensity due to a group 
of charges is increased (or unaltered) by making all the charges positive 
and moving them to the position of the nearest. That is, 

dE 22 |e;| 

oh ee Ue 

dl | Arr? 


In the same way |d?E/dl?| cannot exceed 6Z|e;|/4«rj, etc. Thus the 
terms of 


E a , dE , eG (PE 
ei e Eyed T) + [2 JE s... 


are equal to or less than the corresponding terms of the series 


Bed x le] | B eR z Lei 
Arr? |2 4rré 


e; Z |e;| | 
Arr? j 


TRA 


which is convergent, since the limiting ratio of successive terms is 1;/ro. 
Hence the series for e,E; is convergent, and the series Ee;Ei, which con- 
tains a finite number of terms e;Ei, is also convergent. The question, 
however, as to how many terms one must use to obtain a good approxi- 
mation must be answered, as in the case of the series expansion for ®, by 
a closer examination. It does not follow, for example, from the upper 
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bounds just found that the second term is necessarily smaller than the 
first, it is merely stated that the first term is smaller than a certain 
quantity A; and that the second term is smaller than a certain quan- 
tity A;« Ai. The argument, however, to be given in § 9, which justifies 
discarding terms beyond the second in the expression for ®, also applies 
to this equation. 

If, then, only the first two terms of this series be retained, the force 
on the second complex is given by 


foem Ze;Ei— (E)yZe;4- Zeli (sr) A 
dli/o 


In the second term of this expression, each charge e; is multiplied by its 
distance l; from O, and by the rate of change at the point O and in the 
direction 1; of the vector E. The rate of change of a vector in any direc- 
tion is itself a vector whose components are the rates of change in this 
direction of the components of the vector. The rate of change in the 
direction l; of a component, say E, of E is given by* 


rs VE.) « 
The vector rate of change of E in the direction l; is thus given by 
; i 1 
L (Qs VEJi+ (i, VE J+ 0s VER} =? (li, VE , 


where the right-hand side of this equation is an abbreviation for the 
left-hand side.[ The force F may thus be written, making use of the 
notation just introduced, and dropping for simplicity the zero subscript 
on E and its derivatives, 


F=E Zei4-Ze;(li, VE, 
(13) =E Ze;--X(elli, VE, 
=Exe:+(p, V)E, 
where 
p=2elli 
is the polarization of the second complex with respect to the point O. 


* See the Mathematical Appendix for a discussion of scalar and vector products 
t See also Part II, Problem 18, of this chapter. 
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The vector torque T on the second complex is given by 
T — Z[l;, e;Ei] — Z[eili, Ei] . 
If E be again expanded in a Taylor's series, this becomes 
(14) T=2leli(E)ol+ .... =[Ze:l; (E)g]-[5p, H]+.... 


In equation (14) as in (13), the zero subscript has been omitted. In both 
these equations, then, it is understood that the value of E and of its deri- 
vatives are to be taken at that point within the complex relative to 
which the polarization is defined. 

§7. The Polarization of a Compler.—It is customary, in electro- 
statics, to speak of the “location” of the elementary charges under con- 
sideration. This idea of the location of a charge is a complicated one 
and involves the use of time and space averages. No one believes that 
the individual charges forming a body which is in electrostatic equilibri- 
um are, in reality, stationary. The experimental evidence for Coulomb’s 
law teaches that the (time-average) force on a small charged body A, 
due to a small charged body As may, for certain separation distances, be 
written as a constant times the inverse square of a distance r, one end 
of which is within A, and one end of which is within A». As has been 
pointed out above, it is possible to assume, for a law of action between 
elementary charges, such an expression as will yield, on resynthesis, this 
experimentally checked law for the time-average effects between large 
numbers of charges. A given charge e; may, in fact, move in a very com- 
plicated way always remaining, however, within a small volume AA, of 
body Ai, while a second charge e; is moving within a small volume 
AA» of As. It is consistent with Coulomb's law to assign, for the action 
of e, on ey, a value proportional to the inverse square of a distance r, 
one end of which is within AA; and the other end within AA». The two 
ends of this line would then be called, for electrostatic purposes, the ‘‘lo- 
cations" or better the ''effective positions" of charges e; and e», respec- 
tively. It is clear that to a certain approximation involving the ratio of 
the dimensions of AA; or AA, and r, it is immaterial where, within 
AA, and AA;, the charge is said to be located. It is also clear that a 
more exact determination of this “location” would necessitate an aver- 
aging process for which one would require a knowledge of the actual 
force between the actually moving charges, and a knowledge of their 
paths. The statistical nature of the electrostatic problem for ponderable 
bodies fortunately permits one to disregard such difficult details. 
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When the charges forming a complex are subjected to the electro- 
static effect of other charges, forces arise which change the effective posi- 
tions of all charges unless restraints of some nature prevent these changes. 
If the charges forming the complex are, at the same time, those which 
constitute an atom, the charges are constrained to remain within a very 
small volume, which may be thought of as the “volume” of the atom. If 
no exterior charges are present, the electrons and nucleus making up the 
atom would form a certain configuration which from the point of view 
. of electrostatics would be described, as is indicated above, by giving a 
fixed effective position of each charge. The presence of exterior charges 
causes an excess force to act on each of the charges of the atom. The 
actual effect of this excess force is undoubtedly highly complicated. If 
the electrons are in orbital motion about the nucleus, these orbits will 
be warped and shifted. The gross effect, however, of all such changes is a 
simple shift of the effective time-mean position of each charge, and of 
this alone does electrostaties take account. The total disturbance to the 
atom is small when, as is actually the case, the excess forces are small in 
comparison to the normal forces acting on the charges making up the 
atom. Thus the electrostatic effect of exterior charges is to produce a 
small differential shift of charge within the atom, the electrons and nucle- 
us being oppositely affected. If the exterior charges are sufficiently dis- 
tant (or if they are distributed with the necessary symmetry), the force 
per unit charge on each of the elementary charges e; of the atom due to 
these exterior charges will be the same. That is, the force on each e; due 
to the exterior charges e; will be given by 


(18) Fi-eE, 


where E, the electrostatic intensity due to the exterior charges e;, is the 
same for all the charges e;. It is assumed that the electrons and nucleus 
are bound by intra-molecular forces in such a way that an excess force 
produces a displacement proportional to its magnitude and in its direc- 
tion. If all the electronic displacements are small with respect to the 
distances between the electrons, the reactions of these electrons on each 
other will not be sensibly changed, and the force producing the displace- 
ments will be solely the force due to the exterior charges. Thus the effec- 
tive displacements, and, accordingly, the resulting or induced polariza- 
tion, will be proportional to the force per unit charge due to the exterior 
charges, i.e., 


(16) p-kE. 
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Any atom or complex which polarizes according to this equation will be 
called an “isotropic” atom or complex, and the assumption is then that 
there are actual atoms or complexes which are isotropic. It is evident 
that a ponderable body may be statistically isotropic without being 
formed of isotropic atoms. 

Equation (16) gives the induced polarization due to an impressed 
intensity. A molecule may have, when not under the influence of other 
external charges, an inherent polarization fo. For such a molecule or 
complex, the total polarization, in the presence of a field, would be the 
sum of the inherent polarization and the polarization induced by the 
field. 

As an example of the polarization caused by a given exterior charge, 
consider an isotropic uncharged atom, and a charge e whose distance 
from the atom, r, is large compared to the dimensions of the atom. Un- 
der these circumstances the charges forming the atom constitute a com- 
plex. The force per unit charge on the charges of the complex is sensibly 
the same for the different charges, and 
(17) p=kE=k — 


4ar?? 
the direction of p being the direction from the charge e to the atom. 


PBOBLEMS FOR PART II, CHAPTER I 
1. Referring to $ 5, expand r; !, viewed as a function of l;, in a Taylor's 
series in the neighborhood of l;=0, and thus establish the equation 


P(3 cos? 0;— 1) 
= i 2p + ... e . 


pint cos 6; 


T r2 


The Taylor’s series derivation of this equation furnishes more than 
a mere check of the result found in § 5 by trigonometry and algebra. 
See the first footnote to § 9. 


. Show that (4,B4- C) 2 (4,B) -(A,C) . 
3. Interpret geometrically the equation 
(A+B)? = 4?4-2(A,B) 3- B? 


Ww 


4. Given a function f(7r,0) of the polar variables r and 9; explain why 
the component of Vf in the direction of increasing @ is given by 


10. 


Lb 
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. Show that the potential at the point P(z,y,z) due to a doublet of 


polarization p located at the point O(z’,y’,z’) may be written 


(oe). 


. If F isa force applied at a point P and r isthe vector to P froma 


point O, interpret physically the expression [r,F]. 


. The vector S makes equal angles with the positive co-ordinate axes. 


What is the rate of change at the point (1,2,1) in the direction of S 
of the vector 


izy 4- jzy? 4- kza? ? 

. Given: bà 
A=i2—73+k, 
B=i—j2—3k, 
C=13+j—2k; 


what is (AB), (AC), (BC), (A,B+C), (GAT B), [AB], [AC], [CB], 
[BA], (A, [BC])? 


. Given: 


A=ireytyyaet+hke*zy , 
B=ir—jz+ky ; 


what is the rate of change, at the point (1,1,—1), of A in the direc- 

tion of B? 

Given a function F(7r,6,¢) of the polar variables r, 0, and o; what 

are the components, in the directions of increasing r, 0, and e, of 

VF? 

a) If po be the polarization of a complex relative to a reference point 
O, and d be the vector from O to an alternative reference point 
Q, show that 


bo—bo— de , 


where e is the total charge of the complex, and where f, is the 
polarization relative to Q. When is the polarization of a complex 
independent of the reference point? 

b) Show that the first or Coulomb terms in the two expressions for 
the potential at any point P which correspond to two choices, 
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O and Q, of a reference point within the complex, differ by an 
amount whose leading term is (a, va *). How might this term 
be interpreted? 


c) Let, as before, r be the scalar distance from P to O, and let R 
be the scalar distance from P to Q. Thenif O and Q be chosen 
as a reference point, the first two terms in the expansion for 
479 are 


€ "2 
p c V 3 , 
and 


€ 5l 
s (Por z) , 


respectively. By (a) and (b) the latter expression is equal to 
G yi Ld, v z) 
vid (a, V *) F (5 ed, V R D 


R 
which are of higher order than “polarization” terms, and hence 
show that the sum of the first two terms in the expression for the 
potential is independent of the location of the reference point, in 
so far as Coulomb and polarization terms are concerned. 


Show that ( o— «d, V' z) and ( o—ed, V’ 3 differ by terms 


If an atom is polarized by a charge. e at a distance r from it, the 
magnitude of the polarization is 


while the direction is along r. The potential at the position of e due 
to the polarized atom is 


Explain why the force on « cannot be found by substituting the 
foregoing value for p in the expression for $, and then computing 
—e VÈ. 
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Two neutral but polarizable atoms are located a distance a apart. 
A distance r (large compared to a) from these two atoms is a charge 
e. What is the magnitude and direction of the polarization of the 
two atoms if: (a) the charge « is located on the line joining the two 
atoms; (b) the charge e is located on the perpendicular to the line 
which joins the atoms? 


A positive charge +e is located and fixed at the point z-a, y=0. 
Two equal negative charges —e are placed on the y-axis, on which 
they are free to slide. What is the equilibrium configuration? 


A charge +e is located a distance 3a from the center of a circle 
of radius a. Two equal negative charges —e are free to move on 
the circumference of the circle. Show, that equilibrium exists when 
the angle between the radius which points toward +e and the radius 
to one of the negative charges is approximately 63°50’. 


Three isotropic neutral atoms are located at the vertices of an equi- 
lateral triangle. They are polarized by their own interaction and by 
an electrostatic intensity of magnitude E whose direction is normal 
to one of the sides of the triangle. What is the polarization of each 
atom? 


A charge e is brought from infinity to a position P, while a neu- 
tral molecule is fixed at a second point Q. Suppose, first, that the 
molecule has a fixed inherent polarization and no induced polariza- 
tion; and, second, that it has no inherent polarization, but the in- 
duced polarization, as given by equation (17), due to the presence 
of the charge e. Show that if the charge e be brought to such a 
position that the actual final polarization of the molecule is the same 
in the two cases, the work done in the first is twice the work done in 
the second. 


Show that by interpreting V asa vector operator the symbol (AV)B 
has precisely the meaning assigned to it in $3, D, of the Appendix. 


. The preceding problem suggests the possibility of viewing (AV)B as 


ascalar (A V) times the vector B. This cannot, in general, be done 
since a scalar times a vector has the direction of the vector, while 
(A V)B does not have the direction of B. Nevertheless, show that 


[(A, V)B]. = (A, V)B, , 


and state this result in terms of rates of change. 
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20. Show that 
(Ai, V)B+ (As, V)B=(Ai+A,, v)B , 


and explain how this fact is used in obtaining equation (13). 


21. Given the vector i sin x+j cos x; show that at the origin this vector 
is of unit length and points in the y-direction, while its rate of change 
in the direction of a positive z-axis is a unit vector which points in 
the positive x-direction. 


Part III. PoupERABLE BODIES 
INTRODUCTION 


In Part III of chapter i are developed the analytical methods suitable 
for the electrostatic treatment of ponderable bodies. Coulomb’s law and 
the principle of superposition still form the basis of the development, the 
characteristic difference between the purely academic theory for isolated 
charges and the practical theory for ponderable bodies being that the 
latter is essentially a statistical theory. Account is no longer taken of the 
separate charges, but certain averaged-over characteristic measures of 
the charged condition of the body in question are introduced; viz., the 
volume densities of charge and polarization, and, as limiting cases of 
these, surface densities of charge and polarization. These densities are 
continuous functions of position within the body. The possibility of for- 
mulating the electrostatic-problem for ponderable bodies in terms of such 
continuous densities and the consequent enormous gain in analytical 
simplicity is directly due to the fact that it is possible to subdivide a 
body into volume cells whose dimensions are very small compared to the 
body itself and to its distances to other bodies, but which, nevertheless, 
contain a very great number of individual charges. Two important points 
must be noted in connection with these densities: (1) that they are intro- 
duced for a definite purpose, viz., as convenient means of expressing the 
potential due to a charged body at points not near that body; (2) that 
they are inescapably connected with a definite subdivision of the body. 
The final sections of Part III are closely connected with the two points 
just emphasized, and they can be more profitably discussed, after the 
sections have been studied, in the concluding remarks at the end of the 
chapter. 


§ 8. Forces Due to Large Groups of Atoms. The Statistical Nature of the 
Problem.—In the preceding sections, methods have been given by means 
of which one can obtain the forces on the elementary charges making up 
a configuration. Particular study has been given to the case where cer- 
tain of the charges, say those which make up an atom, form a complex 
whose greatest dimension is small compared to the distance of this com- 
plex to any other charge. Such a theory is sufficient if one is content to 
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consider only problems involving small numbers of charges in known 
positions, but such a theory is not at all able to solve a physical problem 
dealing with ponderable bodies. If the bodies involved in some physical 
problem were small compared to the distances between them, then they 
would each act as a simple charge, if charged, or as a doublet, if polarized. 
But bodies must be treated which are not small compared to their sepa- 
ration distances. This first distinction between the electrostatic problem 
for elementary charges or single atoms, and the electrostatic problem for 
ponderable bodies, thus leads at once to the question of distribution of 
charge. For, if the bodies involved ‘are large enough so that a single 
point does not effectively locate each body, then evidently one cannot 
obtain the forces and torques acting unless the distribution of charge on 
each body is known. 

This question of the distribution of charge on ponderable bodies is, 
in reality, an extremely complicated one. Vast numbers of charges, com- 
posing one body, react on vast numbers of charges composing other 
bodies, while at the same time any one charge of a certain body is also 
acted upon by all the other charges of this same body. The equilibrium 
configuration of the charges within the bodies is thus a compromise be- 
tween the interactions of the charges of a body and the forces due to 
charges on other bodies. The complexity of the problem is partially indi- 
cated by a consideration of the number of terms which enter into the 
expression for the mutual electrostatic energy of several ponderable 
bodies. The number of terms in the sum 


4r Tij 


is roughly indicated by the fact that there are 6.0610” molecules in a 
mol of a substance and several elementary charges in each molecule. 
The analytical mechanism previously developed is obviously unsuit- 
able for such a problem, and the method of attack is suggested by the re- 
mark, just above, concerning the number of elementary charges involved. 
Questions which deal with an exceedingly large number of individual 
cases are treated by statistical methods, and one loses sight of the indi- 
vidual case in a study of the average behavior and the average result. 
Advantage is taken, in this way, of the very complexity of the problem, 
and the great numbers involved become a distinct help rather than a 
hindrance. A similar situation is met, for example, in the kinetic theory 
of gases. There are in each cubic centimeter of gas a vast number of 
molecules. These molecules collide with one another, and the individual 
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history of each molecule is immensely complicated. If the gas is con- 
tained in some vessel, the various molecules collide with the walls of the 
vessel. One can conceive of the problem of studying the frequency, 
speed, and direction with which a particular molecule would strike a 
given area of the wall, but such a study is obviously out of the question; 
indeed, it would be useless to carry it out even were it possible to do so. 
For there are so many molecules present that one may confidently expect 
that the predictions of probability will be fulfilled, and that the average 
pressure due to all the individual collisions will be the “expected” result 
which a statistical study furnishes. That is to say, the data are suffi- 
ciently numerous so that the statistics will be regular. If there were only, 
say, two hundred molecules in a vessel, the problem would actually be 
exceedingly more difficult, for then the individual description of the 
motion of each molecule would have to be made. Mechanics describes 
definitely the phenomenon of the impact of two perfectly elastic spheres 
(just as electrostatics has a definite description for the force between two 
elementary charges), but this mechanics of the individual case must be 
incorporated in a statistical theory dealing with expected averages be- 
fore progress can be made concerning the behavior of a vast aggregate 
of molecules. : 

$9. The Concentration Method for a Single Complex.—lt has been seen 
above that the force on a charge is given in terms of the potential due to 
other charges; and it is evident from the remarks just made that progress 
in the electrostatic problem for ponderable bodies depends upon the pos- 
sibility of expressing, by a method that will take into proper account the 
statistical nature of the problem, the potential 


in some form which is suitable for this case where the number of charges 
involved makes the direct summation process a practical impossibility. 
As regards the analytical expression of the potential, two alternative 
procedures are available which correspond, physically, to a hypothetical 
concentration or spreading of the charges present. The first, or concen- 
tration method, is useful when all the charges e; are located within a 
volume Ar whose greatest linear dimension lis small compared to the 
least distance of any of the charges from P, the point at which the 
potential is being calculated. The process consists of choosing a fixed 
point of reference within Ar, and placing there fictitious elements which 
serve to represent the potential to any desired order of approximation. 


31 


$9 THE ELECTROMAGNETIC FIELD 


'This method was used above in discussing the force on a single charge 
due to à complex, and it was there found that 


_ Zei Le,l; cos 0; 


drè i " pum i'm ae 


€, p cos 0 
E hdd 2595 2A" ? 


€ m! 
=f (2, Jta l 


where r is the distance between P(z,y,z) and O(z’,y’,z’), the chosen 
reference point within the complex; where : 


(18) c= Le; a 


and where 0 is the angle between O-P and the polarization vector f 
given by 


p Xeili . 


The potential of this set of charges e; is thus approximately equal to the 
potential due to a single concentrated charge of magnitude e and a doub- 
let of polarization p, each located at the point O. 

Although the (n+1)st term in the series expansion for the potential 
due to a complex contains the factor (l;/r)", which is less than the factor 
(L/r)^, nevertheless the rapidity of convergence cannot be estimated from 
the smallness of the ratio l/r; neither is it correct to think of l/r as the 
ratio of a term to the preceding term. The expression for the potential 
may be written as 

A, ,A,,A 
Ara theca t oe ee y 
where 
Ay = Le; ) 
A= Zel; cos 0; , 
As= zel (3 bL 
and a comparison of the relative magnitudes of the various terms in the 


expansion must be based upon a consideration of the relative size of the 
coefficients A;. There is no reason, mathematically, why an arrange- 
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ment of charges could not occur which would make A,, say, so large 
that the fourth term would be the predominating term of the expansion. 
There are sensible physical reasons, however, for restricting attention 
to the first two terms. Suppose, for example, that the set of charges e; 
are those composing a molecule. The existence of polarized but neutral 
molecules evidently makes necessary a consideration of at least the sec- 
ond term. It may easily be seen, however, that just as a polarization 
depends upon a varying distribution of charge, so the third term of this 
Series is a sort of “differential polarization" which depends upon a vary- 
ing polarization.* Now, in any actual electrostatie problem the charges 
e; are located in positions determined by an interplay of external forces 
and the interactions of the charges themselves. A uniform external force, 
since it acts oppositely on negative and positive charges, can evidently 
give them a relative shift and produce polarization. To produce a ‘‘differ- 
ential polarization" of appreciable magnitude it would be necessary that 
the positive and negative charges in one portion of Ar be shifted rela- 
tively to each other in a way sensibly different from that which obtains 
in the other portions of Ar. This, in turn, demands either that the ex- 
ternal forces vary over the small extension of Ar more rapidly than is 
physically reasonable, or that the binding forces which affect the inter- 
actions of the charges e; have a more rapid non-uniformity than is be- 
lieved to actually obtain. It must be remembered, moreover, that even 
if the various quantities Ai, As, A3,...., were of the same order of 
magnitude, the terms of the series would rapidly decrease on account 
of the increasing power of r in the denominator. In case e=0 and 9-0, 
the third term is, of course, the leading term, and there is no reason, 
other than that just given, why it should not be considered. Further- 
more, since the degree of approximation furnished by a given number of 
terms is dependent on the distance from the complex to the point at 
which the electrostatic effect is to be determined, it is evident that in 
cases where this distance is not large compared to l it is not to be ex- 
pected that two terms will give an adequate approximation, and the 
term involving zonal harmonies of higher order must be included. A simi- 
lar extension should presumably be made in the study of the reaction of 
an atom to an electric field which varies appreciably over the atom. Vari- 
ations of this order of magnitude are in fact present in the case of the 
sharp electrie pulses which constitute X-rays. It has been customary, 
however, to concentrate attention so exclusively on the charge and polari- 

* See Part II, Problem 1, of this chapter; also Maxwell, Electricity and Magnetism, 
I (1873), 157-63. 
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zation terms that the fact is often lost sight of that they are but the two 
leading terms of a convergent series representation.* It is, in general, 
impossible to compare the magnitude of these two leading terms 


€ cos 9 
= and p > 
f r 


If, however, p=0 when referred, to some point within yz, then the 
first term is the predominating term, for then 


p«Zei , 


regardless of the choice of O, and the ratio of the second term to the 
first term is less than l/r. In fact, if the polarization relative to some 
point O is zero, and ly is à vector from O’ to O, then Il, xl, while 


Do = Ze;(lo+li) = Delo = loXei ) 
where li are the vectors locating e; relative to O. 


$10. The Spreading Method for a Single Complex.—The concentra- 
tion method is à natural one when dealing with the reaction between an 
electron and an atom, or between two atoms; for the spatial extension 
of the groups of charges making up each atom 1s so small that the series 
will converge rapidly for reasonable distances r. 
Through the ''spreading method,” an approximate representation of ` 
quite different character may be obtained for the potential due to a com- 
plex of charges. In the concentration method, a single point of reference 
is arbitrarily chosen, and the potential approximately represented by a 
series of fictitious elements placed at that point. In the spreading meth- 
od, on the other hand, a definite volume Ar is arbitrarily chosen, and an 
approximation to the potential of the complex is sought in the form of an 
integral t 
1 p(x’ ,y',z')dx'dy'dz' 
dr) V ai) - VY G- £y 
* [n recent work, by Debye and others, on the magnetic and dielectrie properties 


of liquids, it has been found necessary to use third-, fourth-, and even fifth-order 
terms in the expansion of the potential. 


1 The integration variables in this and the following integrals are x’,y',z’, the po- 
tential being calculated for the point P(x,y,z). In any case where confusion could 
arise the volume and surface elements of integration will be written with a prime, as 
dr’, do’, to remind that the primed variables are the integration variables. 
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carried over the volume Az, where r is the distance from the point 
P(z,y,z) to the infinitesimal volume element dz'-—dz'dy'dz'. The con- 
ditions that p must satisfy in order that this integral furnish, with de- 
sired accuracy, an approximation to the potential, are obtained by ex- 
panding 1/r in the foregoing integrand about a point O within the vol- 
ume, and comparing the expression so obtained with the expansion, 
given by equation (9) and taken with respect to the same point O, of 
the potential due to the complex. Thus 


pel (ad 
i sid 5: fn f^ cos edr1- .... , 


_€ , p cos 0 A 
met 7 ERE RIENG 


where e is the total charge Ze;, where ro is the distance from O to P, 
and where e is the angle between O-P and the vector l from O to dr, 
and where @ is the angle between O-P and p. The desired approxima- 
tion will thus be obtained if the function p is chosen to satisfy the two 
conditions j 


(19) f, pdr=e, 
Ar 


(20) f. pldr =p, 


the second of these two conditions resulting from the fact that the equa- 
tion 
aret cos gdr =p cos 0 


must be satisfied for every direction of ro. 
These two conditions may be satisfied by a function p which varies 
linearly throughout the given volume Ar. Assume, in fact, the form 


p=potanx’+By’+y¥z2’ , 


where the origin for z', y, 2’, is at O, so that po is the value of p at 
that point. Then 


po Ar+ af z/dr4- Bf y'dr-+yJ 2dr sme, 
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and 
pof z^ dr ^- f 2 (az -- By --yz^)dr — p» , 
pf dr 4- f y (ax! + By’ +y2')dr — py , 
pof z/ dr -- f z/ (ax! 4- By! - yz')dr — pz . 
These equations reduce to simpler form when the point O is chosen 
as the center of volume of Ar. The conditions (19) and (20) then become 


independent conditions on the value of p at O and on the part of p 
which varies linearly and vanishes at O, viz., 


po Ar—e€, 
SUax'+By'+y2')dr=p . 


The vector equation gives a unique determination of a, B, y in all cases, 
the values being most simply expressed when the x,y,z axes are chosen 
in the direction of the principal axes of inertia of the volume Ar. Then 


fy'z'dr=0 etC., 


and 


where 
Lyz=fx!dr , etc. 


Since, in general, [,'+~I,,', it is seen, from the foregoing equation, 
that the direction of the linear variation of p is not, in general, that of 
the polarization vector p. 

The potential due to a complex of charges which lie in a volume Ar is 
thus approximately represented by the integral 


L (nee 


ae D 
ATE T 


taken over Ar, where p varies linearly. When the reference point O is 
taken at the center of volume of A7, as will always be done, the integral 


iis [mdr 
4r F 
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represents, to terms of the order 1/r?, the part e/4mro of the potential; 
by the integral which arises from the variable part of p, namely, 


(22) lbs set ia ad 


4m T 


the part p cos 0/r? is also represented to terms of the order 1/rj This 
linear function is the most simple function which will give the required 
degree of approximation in terms of a single integral. If approximation 
of this same type but of higher order were required, other than linear 
variation of p would be necessary, there being no limit to the degree of 
approximation obtainable by allowing p to be sufficiently complicated. 

On the other hand, a representation giving the same degree of ap- 
proximation may be obtained in terms of two functions, each even more 
simple than the linear function p. The expression (21), where p has a 
constant value po, represents, as has just been noted, the first term of 
(9) to terms of order 1/r;. The second term of (9), namely, p cos 0/r?, 
has heretofore been represented by the term (22) which arises from a uni- 
form variation of p. The second term of (9), however, can be represented 
to terms of order 1/r by the integral 


(23) f Tu dr, 


» 


where y is the angle between the direction from dz to P and the con- 
stant vector Po. In fact, expanding the integrand of (23), 


Po cosy, Pocos po i 
f r2 dr= r? Air rn See 


where V4 is the angle between Po and the direction from O to P. The 
last equation, since it holds for all locations of the point at which the po- 
tential is calculated, demands that the projection of AvP on any direc- 
tion equal the projection of p on this same direction, i.e., it demands 
that 

ArP=p. 
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The potential of the complex of charges which lie in a volume Ar may 
therefore be approximately represented by the two integrals 


1 (mdr, 1 (Pocos 
ae ur 


4m a Am T 


where po and P, have the constant values given by 


Atpo=e, 
ArTP,—f H 


It is evident, therefore, that the spreading method may itself 
proceed in either of two ways. A representation, holding up to nth-order 
terms, may be obtained by means of a single integral, in which case con- 
ditions on the value at O of p and its (n—1) successive derivatives 
arise from comparison of the expansion of this integral with (9). Or a 
representation holding up to nth-order terms may be obtained by 
means of n separate integrals. In this latter case functions appear in 
each integral which may have a constant value over Az. These two 
procedures correspond, physically, to a hypothetical spreading of charge, 
on the one hand, and a hypothetical spreading of charge, polarization, 
etc., on the other. If charge alone be spread, it must be spread in a more 
and more complicated way as higher approximation is demanded; if 
charge, polarization, etc., be spread, each may be spread uniformly. 

$11. The Potential Due to a Body.—In seeking a representation for 
the potential due to the charges which form a ponderable body, it would 
be naturally suggested by the foregoing treatment to consider all the 
charges as forming a single complex, and:to represent the potential due 
to this complex either by the concentration or the spreading method. 
However, since electrostatic problems often demand the value of the 
potential at points whose least distance from some body is not large com- 
pared to the dimensions of that body, it is evident that such series repre- 
sentations would, when applied to the body as a whole, converge very 
slowly if at all, and even in the more favorable event, many terms would 
be necessary to furnish a good approximation.* This difficulty can be 
escaped by subdividing the body into volume cells Az;, of linear di- 
mensions l small compared to the least distance from the body to the 
point P at which the electrostatic effect is to be measured, and treating 


* The concentration method, with several points of concentration, is, in fact, 
used in the “method of images,” to be studied later. 
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the charges in each of these volume cells Az; as a separate complex. The 
potential due to the charges in these cells could then be represented 
either by the concentration or the spreading method. The concentra- 
tion method, however, does not effect as great a gain in simplicity as is 
desired, since the potential of the whole body, if this method be used on 
the various subcomplexes, consists of a sum of as many terms as there 
are volume cells Ar;. 

These facts suggest that the spreading method be used for the repre- 
sentation of the potential due to the subcomplexes. If the contribution 
to the total potential due to the charges in each Ar; is to be represented 


by a single integral 
f pidr 
Ar; 73 y N 


each function p; must, as was seen above, be the sum of a constant part 
and a linear variation which vanishes at O;, the center of volume of Ar;. 
The potential of the whole body would then be given by 


| es 
Ari T 


This expression again involves the sum of as many terms as there are 
volume cells Ar;, and no gain in simplicity results from the use of the 
spreading method unless this sum of integrals can be written as a single 
integral. The union of all the functions p;, each defined over its own 
volume cell Ar;, gives a function p, defined over the whole body. Then 


(24) > pidr _ pdr 
Ar; T T d 


the last integral being extended over the whole body. But the simplicity 
gained by using p instead of p; is apparent rather than actual,.for the 
function p is a “patchy” discontinuous function, and the right side of 
(24) ean be evaluated only by evaluating the left side. Indeed, even in 
the idealized case where the subcomplexes in Az; are identical (each with 
respect to its own reference point), they do not join to form a continuous 
function p, the situation being as shown in the following schematic 
drawing. 

It is thus apparent that this representation, by integrals involving a 
single function, of the potential due to the subcomplexes in the volume 
elements Ar; is not a convenient one. The spreading method, however, 
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can proceed in either of two ways, and it is evident that the situation 
just considered, namely, that of identical subeomplexes in Ar;, will be 
treated very simply if the potential is represented by means of two inte- 
grals, rather than one, these two corresponding physically to the uniform 


AT1,.e AT, ATO ATi AO 


Fia. 7.—Schematie diagram showing the densities in adjoining cells containing , 
identical complexes of charge. 


spreading of both charge and polarization. The potential due to the 
charges in Az; will thus be written 


1 pidr, ve Pinon oe 
Ar 


x, avr, 4m ? 
TQ 


i 


where pġ and Pj are scalar and vector functions, constant over their 
region of definition Az;, and given by 


Ari pi ei, 
ATi Pix, 


where y is the angle between Pi and the direction from dr to P, 
where e; is the sum of the charges in Ar; and where fi is the polariza- 
tion with respect to O;, due to the charges in Ar;. If all the Ar; con- 
tain identical subeomplexes, however, it is evident that pj and Pj are 
the same in each Arz;, so that the potential of the whole body may be 


written 
1 ( po ne 1 (Po cos ydr 
4r r 4r r? 4 


where po is a function, constant over the whole body, formed by the 
union of pj; and P, is a function, constant over the whole body, formed 
by the union of Pj. 

The case in which the subcomplexes in Ar; are identical is, of course, 
a trivial one, but the possibility of a simple representation of the po- 
tential due to the charges forming a ponderable body depends (as will be 
seen presently) upon the fact that it is possible to choose the volume cells 
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Ar; in such a way that the subcomplexes in neighboring cells, while not 
identical, are nearly the same. It is in fact possible to choose volume cells 
of dimensions which are small compared to the distance from any cell to 
P, but which are large enough so that each Az; will contain very many 
elementary charges. If each volume cell contains many charges, the sta- 
tistics are regular, i.e., any characteristic of charge when averaged over 
the volume element will be uninfluenced by the particular circumstances 
of individual charges, and will be a true measure of the slowly varying 


ATA OT ATO AT. AT, Afo Afire 


Fic. 8.—Schematic diagrams showing the densities p and P of adjoining cells con- 
taining identical complexes. 


average trend of this characteristic. Such a subdivision then leads to a 
simple description of the potential in those cases in which the average 
characteristics of charge experience very small percentage changes over 
distances of the order of the dimensions of Az;. The possibility of such 
a subdivision of a body definitely depends upon the physical fact that it 
is possible to pick out three distinct orders of distances—molecular dis- 
tances, distances used for dimensions of volume cells, and experimental 
distances to those exterior points at which the electrostatic effect is to 
be measured. 

Suppose, for example, that a body is so subdivided, and consider the 
values of e;/A7; associated with all the volume elements Ar; cut by some 
straight line m-n through the body. Figure 9 shows a possible set of 


Fic. 9.—Schematic diagram of the values ei/Ari 


such values of e;/Ar;. If now the body were redivided into volume ele- 
ments one-half as large as before, a new set of values of e;/Ar; would re- 
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sult. But since the volume elements are in either case large enough to 
contain so many charges that individual eccentricities are averaged out, 
the set of values in this second case would have the same general aspect 
as before (see Fig. 10). If this redivision process were repeated too many 
times, a cell size would be reached such that too few charges would lie in 
each cell, and the neighboring values of ¢;/Ar; would differ widely, each 
being appreciably influenced by the particular circumstances of individual 
charges rather than by the general trend of the average number of 
charges. On the other hand, it 1s obvious that the volume elements 
Ar; should be chosen as small as is consistent with the requirement that 
each contain many charges, both so that the dimensions of Ar; shall be 
as small as possible as compared to r, and so that general tendencies 
will not be masked. 

'These remarks can be illustrated by means of an example. Suppose 
ten thousand coins are tossed simultaneously and the number of heads 
and tails counted, and suppose that this experiment is repeated a very 
large number of times. There would thus be obtained data from which 
could be made a table giving the number of times f which a given num- 
ber of heads n actually appeared. A superficial study based directly up- 
on these individual number pairs (n,f) might be very misleading. It 
would be possible, for example, that a portion of the table be as follows: 


n 
4:900 muy. JO Manor si i7 
Fon sand Ja Slater 3o 6 
X0orbwesn- PI And Myr. ei 0 
Á o0bd rk motbod s. qi. ; 9 
41904 emerit locant ah i o 26 
A 00 cattle ee ae iL Pu 20 


No clear indication of a general trend in the frequency f is furnished by 
such a set of values. Individual eccentricities could be averaged out, 
however, by preparing an auxiliary table giving the frequency f of the 
instances in which the number n of heads lay in a range O to k, k to 
2k, 2k to 3k, .... In choosing the magnitude of k, questions arise 
which are entirely similar to those considered above in connection with 
the choice of the size of the volume elements Az;. If k be taken as small 
as unity, the individual eccentricities play too great a róle. If k is as 
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large as ten thousand (to take a ridiculous extreme), the general trend of 
the frequency table is completely masked by too gross an averaging 
process. The choice of k must then be a compromise one, it being taken 
as large with respect to unity as is consistent with the requirement that it 


Fra. 10.—Schematic diagram of the values &/Ari using a finer subdivision than 
that shown in Figure 9. 


be smail with respect to ten thousand. If, for example, k were chosen 
to be one hundred, a new table of one hundred entries would be formed 
giving the number of times f which the number of heads lay in the range 
0-100, 100—200, 200-300, .... If these values of f are used to construct 
a frequency polygon, a figure similar to the following will result. 

In this figure the characteristic behavior of the frequency is shown, 
freed of the confusing eccentricities of the individual case. But in at- 
tempting to formulate a theory of this experiment, and in extending this 


» 


(0) 5,000 10,000 


Fia. 11.—Frequency polygon for heads in an hypothetical coin-tossing experiment 


theory to include other more general cases, a further degree of simplifica- 
tion is exceedingly convenient; namely, it simplifies matters greatly to 
consider not the discrete set of values f, but rather a smooth curve which 
is sensibly equivalent to the actual frequency polygon. In choosing such 
a curve it is convenient to establish some definite procedure; for example, 
a smooth curve can be drawn, by interpolation, through the midpoints 
of each horizontal segment of the frequency polygon, and the further 
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discussion of the experiment would be on the basis of a continuous func- 
tion F(z) which for the special integral arguments 


x=50, 150, 250, ...., 


takes on the values f. It would also be possible to introduce a con- 
tinuous function whose mean values over the ranges 0-100, 100—200, 
200—300, ...., equal the values of f. If there were small percentage 
variations of f from one to another of these ranges of n, all such meth- 
ods of choosing the smooth curve would furnish sensibly the same result. 
This function F(x) has a definite value for every value of the argument, 
whether integral or not, although there is obviously no interpretation 
for the value of F for a non-integral argument. Indeed, it is evident 
that the value of F for an integral argument has no immediate relation 
to the actual frequency with which this number of heads appeared; the 
usefulness of the function F depends rather upon the fact that the fre- 
quency of the cases in which the number of heads was between nı and ne 
is given, to a high degree of accuracy, by the expression 


Tem f. oem 


The introduction of this continuous function makes available, at one 
stroke, all the mechanism of calculus, and it is the introduction of such a 
continuous function, indeed, which makes possible a statistieal theory 
conveniently applicable to vast numbers of individual cases. 

The possibility of the introduction of a continuous function in the 
electrostatie case, as will be seen presently, is directly dependent upon 
the fact that the Ar; can be chosen so that the percentage variation in 
any quantity characteristic of the circumstances of charge is very small 
in neighboring volume cells. The condition of statistical regularity and 
slow variation of the polarization may be made precise by writing 


(25) Di Abr Api ea 


where fj is the polarization, with respect to O;, due to the charges in 
the ith cell, and where Api, A?pi,. .. . , are the first, second,..... 
differences between the successive values of piin neighboring cells.* 


* The symbol > means "very large compared with," and usually indicates that 
any one quantity is negligible compared with its predecessor in such an inequality 
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Slightly less severe conditions can be imposed in the case of the total 
charges e. In applying the spreading method to a single complex, it has 
been found that a linear variation in the continuous density p was suffi- 
cient to represent the polarization term of an expansion, of type (9), for 
the potential due to the complex. In general, a rate of change of density 
is interpretable in terms of polarization, and vice versa. It will be seen 
later that it is possible to choose volume cells Az; in such a way that the 
separate cells appear polarized, or in such a way that they do not appear 
polarized. In the second instance, however, a rate of change of charge is 
. found to exist which, just as in the case already considered in § 10, gives 
rise to those terms in the potential which were previously accounted for 
by polarization terms. Thus, since both charge and polarization terms 
are to be retained, it is not possible to neglect the first differences Ae; 
in the values of the total charges e; of the volume cells. No higher-order 
effects, however, are to be considered, so that 


(26) Ae > Ne» Mealm..... 


It is then clear that if charge and polarization are both spread over 
each volume cell Az;, there will result functicns p and Pi, each con- 
stant over its region of definition A7;, and satisfying the inequalities 


Api>> Mpb 2... , 
Pi» APi> MPi..... 


Now the unions of the functions pj and Pj do not produce functions 
p and P continuous over the whole body, since the functions p and 
P experience discontinuous jumps in passing from one volume cell to 
another. Since matters have been arranged, however, so that these jumps 
in both p and P are very small, the sensible procedure is obviously to 
smooth out these small discontinuities and employ continuous functions 
p and P. Itis thus natural to attempt to represent the potential due to 
all the charges forming the body by means of the expression 


1 (pdr, 1 (CP cos y 
(27) o iu sh]. p dr , 


[54x T 


where the integrals extend over the whole body, and where p and P are 
no longer constant over Az; but are slowly varying continuous func- 
tions. Since these functions p and P are the functions pj and Pj with 
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the sudden jumps smoothed out, the continuous functions will satisfy 
the inequalities 


dpi aT? d?p 

(28) la > ogp ott 
dP > SCTE 

(29) P>Il—=; di Po Je 


l being a distance of the order of the dimensions of Az;. For reasons 
entirely similar to those stated in connection with (26), it is not permis- 


sible to state in (28) that pee is necessarily very small compared to p 


dl 

itself. 
The essential distinction between the problem of representing the 
potential due to a single small complex and the problem of representing 
the potential due to a ponderable body thus arises from the necessity, 
in the latter case, of using functions p; and Pi, each defined over Ari, 
which join on to one another to form functions p and P, continuous 
over the whole body. What conditions must be satisfied by the func- 
tions p and P, continuous over the whole body, in order that the two 
leading terms in the potential due to the body be given by the expression 
(27) at least to terms of order 1/r?, where r is the distance from P to 
any point of the body? 

$12. The Approximate Representation of the Potential of a Body in 
Terms of Continuous Functions p and P.—The potential due to the body 
is to be represented in the form (27) where the integrals are extended 
over the whole body, and where p and P are continuous scalar and vec- 
tor functions which will be called the ‘‘volume density of charge" and 
the “volume density of polarization," respectively. The expression (27) 
can obviously be written 


(ite fere 
Ar; r Ar; T 


where Az; are the volume cells, discussed above, into which the body is 
divided. Then (27) will approximate, to terms of order 1/r?, the first 
two terms in the potential due to the whole body provided each term in 
the foregoing sum approximates, to the desired order, the first two terms 
in an expansion of type (9) of the potential due to the charges e; in Ari, 
i.e., provided 


(30) Ze; 
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where r; is now the distance from P to O;, the center of volume of 
Ari, where lj are the vectors locating the charges ej, Within Ar;, with 
respect to O;, and where 6; is the angle between O;—P and lj. The 


conditions which p and P must satisfy are now to be obtained by ex- 
panding the integrands on the right side of (30). Thus, 


pdr _ p DES) aS 
n. ud Ar; (?) +8 ds rad ds?, m "a gi fig 
(31) 


a £ diets 1dp dp r 
x Ar; (2) os ds prs S 4) +e ds ds yr OTON G3 dr P 
if kilis £ 1\ (2 
- f Que f (rosea f (1) s). dr, 
| we dp y 
+f (a) A ear cos gdr... , 


where the subscript 7 on a parenthesis indicates that the value of the 
quantity is to be taken at the point O;, where s measures the distance 


(32) 


Bra 12 


from O; in any direction to (z', y’, z’), and where e is the angle be- 
tween the direction of s and the direction from O; to P. Two terms 
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are omitted in (32) which are explicitly included in equation (31). These 
two terms contain, as factors of the integrand, the expressions 


1 
PAP 
(5: (2) (£9) 
pi ds? gfe T. [ai ds? d 


The first is to be neglected since a second derivative of 1/r is an inverse 
cube term. The second is to be neglected on account of (28). For similar 
reasons all further terms are to be neglected in (32). The second and 
third terms of (32) may be written 


V 
E s cos o dr4- LB] scosadr, 
T? / i f 
t Az. i Ar; 


where a is the angle between s and the direction of Vp at O;. Each 
of these integrals is zero, since s is measured from O;, the center of 
volume of Ar;. 

Equation (31) thus reduces to 


pat E GS cos e di+ . 


SA Ti ds 


where p; is the value of p at Oj. 


Similarly, 
P cos y Pi cos yi 
ils P s i ESE RON 


Z i 


where P; is the value of P at O;, and where no terms beyond the first 
need be retained since P satisfies equation (29), and since only second- 
order terms in l/r; are being retained. 

If these values are substituted in (30), the following equation is ob- 
tained: 


P; Es Vi 


1 


es en cos 6; ME "Nel Ang ek de 


z 2) cos e dr -— — —— 


t 


This equation will be satisfied, provided p; satisfies the condition 


| EPI 
(33) Pi A? 
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and provided the condition 
ONY ENE Cp 
Zejl; cos 6;= Sg) 689 dr-4-P; cos y; Ari 
Ar; 
is satisfied for all directions of rj, ie., provided 


(34) Debmpim f ss (5) dr--Pi Ari. 
Ar; S/i 


Equation (33) determines the values of p at O;. The values of p at in- 
termediate points are unspecified, except that p must be a slowly varying 
function satisfying the relations (28), and since the neighboring values of 
p; are nearly the same, a continuous function p satisfying (28) can be ob- 
tained from the value p; by interpolation. Having chosen the function 
p, the function P then has its values Pj at the points O; specified by 
(34).. The values of P at intermediate points are unspecified, and may 
be obtained by interpolation from Pi, the'funetion thus obtained satis- 
fying (29) since the neighboring values of P; are very nearly the same. 
If p is a constant, the values of P; are given by 


1 


Pirin 


bi , 
but, in general, the values P; are determined both by the polarization pi 
and by the way in which charge is spread. If equation (34) be written 


Meri age EO) dp 
(35) Pra bi EN S (32) 1 dr " 


it is evident that the vector polarization P; does not have responsibility 
for the representation of all the polarization, but only for that portion 
which is not previously accounted for by the variation in p. If the varia- 
tion of p is very small, the integral in (35) has a negligibly small value, 
so that P; is given by pi/Ar;; but in case the variation in p is not small, 
the integral furnishes a necessary correction to fi/Ar;. The relation be- 
tween the functions p and P, defined in this way, and the ordinary 
physical concepts of charge and polarization can most easily be made 
clear by an examination of the behavior of p and P in a few simple ex- 
amples. Before considering such examples, however, it is necessary to 
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extend the theory, as given above, to include charged and polarized 
layers. 

$13. Surface Charge and Surface Polarization.—The expression (27) 
describes the potential due to the charges within any set of volume ele- 
ments Ar; provided the relations (25) and (26) are satisfied. The argu- 
ments for statistical regularity apply, however, only to those volume 
cells which are not “on” the surface of a body, i.e., which are not outer- 
most volume cells. The charges in these outermost cells are under condi- 
tions essentially asymmetrical. The charges in interior volume cells are 
completely surrounded by other charges, while an outermost charge has 
neighbors which lie all on one side of it. Thus conditions which alter very 
slowly from point to point throughout the interior may experience large 
and rapid change near the surface. All of the charges which feel, so to 
speak, this asymmetrical surface condition obviously must lie in a shell, at 
the surface of the body, whose thickness A is of the order of the range of 
atomic and molecular forces. That is, these “surface charges" lie in a 
shell whose thickness is very small compared to the dimensions of the 
volume cells Ar;. If the potential due to the charges lying in this shell 
be treated separately, it is evident that the potential due to the remain- 
ing charges can be represented by (27); and it is immaterial, on account 
of the exceedingly small thickness of this shell, whether or not the inte- 
grals in (27) be extended over the whole body, or over the volume interior 
to the shell. The integrals in (27) will therefore still be extended over the 
whole body. This shell is then to be divided into volume elements whose 
dimensions l parallel to the surface are of the order of the dimensions 
of Ar;, while the thickness h is small compared to l. 

The set of volume elements A7; thus obtained contain complexes of 
charge which again satisfy relations (25). and (26), for there is no reason 
to expect a rapid variation from cell to cell along the surface. Thus the 
potential due to the surface charges can be written 


1 d 1 (P cos 
(36) eir etude T? : dr, 


where the integrals are extended over all the volume cells Az;, and where 
p and P are defined as before in terms of the total charge e; and the 
polarization ~; of each cell. In obtaining the function p by interpola- 
tion from the values p;, there is no necessity for any variation in p ina 
direction normal to the surface, since the assemblage of cells Ar; is every- 
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where a single cell thick. The first integral of (36) is, to a high degree of 
approximation, equal to the integral 


if ie 
m 


n=hp 


where 


is the so-called “surface density" of charge, and where do is an element 
of the surface area of the body. Indeed, the two integrands 


ndo _phde 


T: T 


pay and 


are the same, except that the value of r\in one differs from its value in 
the other by an amount less than A. 

The continuous density of polarization P to be determined through- 
out the exterior volume cells Ar; is, as before, obtained by interpolation 
from the values of the polarization vectors for the individual cells, dimin- 
ished by the polarizations already represented by the variation in the 
volume density of charge p. The asymmetrical circumstances which ne- 
cessitate the separate consideration of the surface cells suggest breaking 
up the cell polarizations into two components: ($j),, the component in 
the direction of the exterior normal to the body, and (5j), the compo- 
nent in the tangent plane.* Now as regards directions lying in a plane 
tangent to the surface, a surface charge is surrounded by other charges 
in as symmetrical a way as is an interior charge. Hence the component 
(pj. due to a given number of charges lying '*on" the surface is of the 
same order as any component of the polarization due to the same number 
of interior charges. On the other hand, the component (5j), due to a 
certain number of charges lying “on” the surface may be of the same 
order as à component of the polarization due to a much larger number of 
interior charges. 

The number of charges available, in a cell A7;, to contribute to the 
value of the polarization of that cell cannot be estimated by dividing 
the total net charge e; of the cell by the elementary charge. Neutral 
polarizable atoms, for example, may produce large values of pi and, at 
the same time, a zero value for ej. In fact, it will be clear, when illustra- 

* The polarizations p; are referred to O;, the centers of volume of Ar;. Let lines 


through O; normal to the surface cut the surface at O;. The tangent planes referred 
to are tangent to the surface at the points O'*. 


51 


$13 THE ELECTROMAGNETIC FIELD 


tive examples have been studied,* that the value (when a physically 
reasonable mode of subdivision is used) of P; for a cell depends directly 
on the number of polarizable units in this cell, while the polarization 
effects due to a changing value, from cell to cell, of the total charge e; do 
not normally influence the value of Pj. Changing values of e; will be found 
to contribute equally to the two terms on the right side of equation (35). 
Thus, in actual electrostatic problems, non-vanishing values of P; arise 
when a body is formed of polarizable units of some sort. The number 
density of these units is a physical characteristic of the material forming 
the body, and is the same at points near the surface and points in the in- 
terior. Hence, the number of charges, in a surface cell Ar;, available to 
contribute to the final value of P is smaller than the corresponding value 
for an interior cell Ar; in the ratio of the volumes; that is to say, in the 
ratio h/l. Since this ratio is small, the polarization effects for surface 
elements would be negligible if each polarizable unit of a surface element 
contributed to p; sensibly the same amount that each interior polariz- 
able unit contributes to pi. As regards all but the normal component of 
polarization, the contribution, per unit, is the same near the surface as 
within the body. The normal component (fj), may, however, be ab- 
normally large. Hence only this component need be considered. More- 
over, since the continuous volume density of charge in Ar; has no varia- 
tion in this normal direction, the whole burden for the representation of 
the polarization rests upon the function P, and it is therefore to be de- 
termined by interpolation from the values 


ie (B). — a ifi 


The vector P thus determined is, of course, everywhere normal to the 
surface of the body, as the foregoing equation implies. 

The second integral of (36) can be written as a surface rather than as 
a volume integral, the procedure being entirely similar to that used in 
the case of the first integral of (36). In fact, 


P cos ,1 
f Rare f EE aou fife, vt 7) ae, 


RAP 


where 


* These examp'es occur in the next section. 
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is the surface density of polarization of the superficial layer. Thus (36) 


can be written 
1 i Tur X: 
da AE s; f (^ V 5 do , 


where 7 is à continuous scalar function, defined at every point on the 
surface of the body; and where K is a continuous vector function, also 
defined at every point on the surface of the body, and directed along the 
exterior normal. 

The representation of the potential due to the charges forming a 
ponderable body is, then, obtained as follows. A very thin shell at the 
surface of the body is to be divided into volume elements Az; of lateral 
dimensions | and thickness h, where À is very small compared to I, 
and where l, while small compared to the distance to the exterior point 
where the potential is desired, is large enough so that a cell of linear di- 
mensions | contains very many charges. The remaining portion of the 
body is to be divided into volume cells Az; of linear dimensions of the 
order of l. The total charge e and the polarization p with respect to 
the center of volume O is reckoned for each volume cell. The volume 
density of charge is obtained by interpolation from 


1 


(37) RETINT, Ei; 


the values of p at O;, the centers of volume of Ar;. The volume density 
of polarization P is then obtained by interpolation from 


eg paene pl dp 
(38) Paus bi AM f: S (55) dr " 


the values of P at O;. The surface density of charge n is obtained by 
interpolation from 


e 


the values of n at Oj, the points on the surface of the body which lie 


on the same normals as do O;, the centers of volume of Ar;. The surface 
density of polarization M is obtained by interpolation from 


(40) = (Kj) = * (bia E 
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the values of W; at Oj. The two leading terms in the expansion of type 
(9) for the potential due to all charges forming the body are then given 
by the two volume and the two surface integrals 


EST p'dr' gd hier , ids 1 dc' Ap / m! , 
(41) = i bs 4 enu dcl rt ge (o2) ae 


In the fundamental equation attention is explicitly called to the fact 
that the densities are functions of the integration variables 2’,y’,z’. The 
distance r is, of course, a function of both the primed and unprimed 
variables. The potential © is a function of x,y,z only. 

$14. The Physical Meaning of the Densities p, n, P, ..—By consider- 
ing the idealized case of a rectangular parallelopiped V, formed by the 
planes z—0,x—2a, y —0, y -2b,2—0,2—2c, and within which are vari- 
ous simple configurations of charge, there 
may be seen the relations between the four 
densities defined above, and what one is ac- 
customed to think of as the physical con- 
cepts of charge, polarization, etc. The con- 
figurations of charge to be considered may be 
most briefiy described by giving the locations 
of the charges with respect to a standard set 
of points within V. Thus suppose V be subdivided by a series of planes, 
parallel to the co-ordinate planes and spaced a distance k (of the order 
of molecular dimensions and hence very small compared to a, b, or c). 
The points M located by the intersections of these planes form a cubical 
space lattice. The points M, lie on the back face x=0 of the parallelo- 
piped, the points M, on the next parallel plane, the points M2, on the 
front face z—2a, etc. 

Suppose first that at all the points M are located equal charges +e. 
If equal cubes of side | be chosen for the volume elements Ar;, they will 


Fig. 13 


3 
all contain the same total amount of charge e;— B e. Then the func- 


tion p, interpolated from the equal values pius , is a constant whose 


volume integral, extended over any portion of V, gives to a high degree 
of accuracy the total charge lying in that portion. The values of Pi, 
since p is a constant, are given by 
1 
Pi= INF, bi . 
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If the cells Ar; are chosen with their faces parallel to, but midway be- 
tween, the planes of the cubical space lattice formed by the charges, then 
pi=0 and the potential of the body is given by 


Amo = iiu 
pp 


It is not necessary to use any surface elements Ar; for, under the condi- 
tions assumed, equations (25) and (26) are satisfied for all volume cells, 
including the outermost ones. If the volume cells Az; be shifted to the 
left, say, a distance smaller than k, each Ar; would be polarized as well 
as charged. 'The maximum polarization so introduced, however, is equal 
to ke;/2. Regardless of the choice of A7;, therefore, the polarization 
term is negligible compared to the charge term, and the potential of the 
body is given by the foregoing integral in terms of the volume density 
of charge p. The definition of the densities is, then, in this special case 
independent of the choice of the subdivision of the body into volume cells 
Ari. 

As a second example, suppose that the charges —e are located at the 
points Ms,4, n=0,1,2,...., while charges +e are located at all other 
M-points. Then along lines L parallel to the x-axis will be found charges 
—e, +e, —e, +e, etc., spaced a distance k, the last charge being + e, 
provided k is chosen so that 2a is an odd multiple of k. Then move the 
charges which lie on alternate horizontal planes a distance, to the front, 


Fig. 14.—Arrangement of charges used in illustrations. Subdivision No. I 


which is a small fraction of k. The charges lying in any plane parallel 
to zz-plane would then be located as shown in the following sketch, 
where the relative size of the distance k is enormously enlarged, and where 
solid dots are used to represent negative charges; circles, positive charges. 
It is then possible to choose a set of volume cells Ar; (see dotted lines in 
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Fig. 14; this will be referred to as subdivision I) for which p;=0 while 
pi has the value /3e/2k?. Then 


ty LARS be hep 
fist- pi=e/2k? , 


and the potential due to the whole configuration of charges is given by 
e cosy 
(42) ted Be n dr . 


Just as in the first example, and for the same reason, surface densities 
play no róle in this representation. Having chosen the volume cells A7; 
in this way, it is natural to say that the body is polarized, but uncharged. 
It is possible, however, to obtain, by choosing the Ar; otherwise, an 
alternative representation which leads to an alternative physical inter- 
pretation. Suppose, in fact, that the cells are chosen as shown in Figure 
15, where very thin surface elements Ar; are chosen first, and the re- 


————p——-L-——-—mpq 
| 


a 
ét op; 0n isólacem de, 


Fra. 15.—Subdivision No. II 


mainder of the body then subdivided. (This will be referred to as sub- 
division II.) It is clear from the figure that the surface elements Ar; are 
charged, while the interior volume elements Az; are both uncharged and 
unpolarized. (In the figure the second volume element Ar; from the left 
has e;—0, but the polarization $i isnot zero. Thisisa result, however, 
of the gross misrepresentation of relative dimensions. In the case where 
k is very small compared to the dimensions of the volume elements, the 
number of uncompensated pairs of charges is vanishingly small as com- 
pared to the total number, and the polarization is negligible.) The charge 
e; in each exterior volume element Az; is equal to (i/2k)(l/k)(- e). 
Thus 
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where the plus and minus signs hold on the faces x equals 2a and 0, 
respectively. Then the continuous function n interpolated from this set 
of equal values is given by 


e 
= 45 


and the potential of the whole configuration of charges is given by 


= (nde _ de nab da 
(43) alte T pi bie (= n) A ec er (UE 


Having subdivided the body in this way, it is natural to say that there is 
no volume density of charge or polarization, and that there is a surface 
density of charge on the two faces z—0; x=2a. That this representa- 
tion is mathematically equivalent to the one given by (42) is seen at 
once by treating (42) by integration by parts. Indeed, the general 
formula* 


(44) f^ (ey 3 dr= f aes f C EE 
T T. / 9g 


reduces, for the special value P — P,—e/2K?, to the equation 


COS Yrs. A é ns e 
fs 2 P m Ja. 2) En dui (on) 


It is impossible to choose, on mathematical grounds, between the two 
descriptions; and it is quite meaningless to argue as to whether there 
“really is, or is not", a volume density of pofarization. A volume density 
of polarization can be defined only with reference to a definite volume, 
and whether or not such a volume is polarized depends on how it is cho- 
sen. There may be, in certain cases, a physical reason for preferring the 
representation given by (42), on account of the physical interpretation 
to which this equation most naturally leads. If, for example, a body is 
thought of as composed of molecules each one of which is neutral but 
polarized, it might be convenient to think of the body as possessing a 
volume density of polarization, and equation (42) would be, at least in 
the first instance, preferable to (43). 

As a third example, suppose that at the points Mo, Mi, Mx, ...., 
are located charges e, e+e:, e+2e:, . . . ., where e, is small, compared 


* See Part III, Problem 15, of this chapter. 
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to e. If equal cubes of side l are then chosen for Ari, a cell which is 
ith from the left end of V contains total charge 


«ei 
Ati 


and the volume density of charge is given by the continuous function 


e= +) s 


The polarization $i of this ?th cell is given by 


eee 


so that 


z = 

EUN el? 

xpo varias 
The volume density of polarization P would be interpolated from the 
values i 

22 peoitesifada lof gode 

FF af (92) ar. 

However, 


2) == i 
ät dea [ug 
af dx," ga), $^ 


e 


Te 


where £ is a distance, parallel to the direction of z, measured from the 
center of volume of the cell Az;. Thus, to a high order of approximation, 
the values P; vanish, and the potential due to this configuration of 


charges is given by 
uq fut 
acp ( 247-1 (2E), 
Tu) 7+ le te 
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in terms of the volume density of charge. This example illustrates the 
fact that the complexes within the volume elements A7; can be polar- 
ized without there being a volume density of polarization. The variation 
in p which is introduced by the interpolation is just sufficient to repre- 
sent the second term in the expansion of type (9), and the polarization 
term vanishes. 

As a fourth example, consider a configuration which is the same as 
that of the second example, exeept that the charges found along a line 
L parallel to the z-axis are not equal in magnitude (and alternating 
in sign); but are equal to —e, Fe, —(e+e), +(e+e), — (eT 2), 
+(e+2e,), ete. Then if subdivision I of the second example be used, the 
total charge e; in Ar; is again zero, while the polarization fi is now giv- 


en by N 
TM 
Pus spore or vag ondes 
Therefore, 
(i3): 
Pa qeu exis 
Pip ok ^|: 


and the volume density of polarization is given by the continuous func- 


tion 
P^ 2 1 et , 
P-P.- ase : 


The potential due to the configuration of charges is thus 


ele 
(45) 4nd = LANNE cos (r,z)dr 


in terms of the volume density of polarization. Having chosen the vol- 
ume cells Ar; in this way, the volume and surface densities of charge 
are zero, and it is natural to say that the body is uncharged but polarized, 
the volume density of polarization being variable. 

If the subdivision II of the second example be used, an alternative 
representation of the potential is obtained. Each interior volume element 
Ar; is found to have a negligible polarization pi. The total charge e; in 
Ar;, however, differs from its value zero in the preceding mode of sub- 
division, due to the fact that /?/2k? positive charges are cut off by the 
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new position of the right face of Avi, and an equal number of positive 
charges added (or negative charges subtracted) by the new position of the 
left face Ar;. That is, 


BINNEN: 
rx a [etsi ^| ta] e+ 2k al, 


[ey 
Ak3 * 


Therefore, 


Al 
pi— - Ks , 


and the volume density of charge is given by the continuous function 


AL 5 
p— 1498- 


The surface elements on the face z—2a have a total charge 


Cx zelo. J 


so that the surface density of charge on this face is 


poe I6 
"—9p Fk * 
Similarly, 
Pe 
Gan E 
pK) 
ES 
Vesp 


The potential of the body is therefore given by 


+43) 


(46) in (29 iis Tuer: esse ta) pf und. 


Just as in the second example, the representations (45) and (46) are 
analytieally equivalent. Indeed, if (45) be treated, as before, by integra- 
tion by parts, the equivalence of the two formulas is immediately estab- 
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lished. It is thus legitimate to say that the body is uncharged and non- 
uniformly polarized, and use (45) for the potential; or to say that the 
body is unpolarized and has constant volume and surface densities of 
charge, and use (46) for the potential. But it is not legitimate to say that 
the body is non-uniformly polarized, treat (45) by integration by parts, 
and then, still calling it a “polarized body,” say that there is a volume 
and surface density of charge. The integration by parts carries with it, 
if one insists on a physical interpretation of the result, a changed point of 
view. That is, it is not correct to say that a non-uniformly polarized 
body has a volume density of charge given, at any point, by —div P, 
and a surface density of charge given by P,; but it is true that any polar- 
ized body can be viewed as a non-polarized body having a volume density 
of charge —div P and a surface density of charge Pa. 

These examples show the relationships between the mathematically 
defined continuous densities for idealized cases which would be recog- 
nized, physically, as being instances of uniform charge, uniform polariza- 
tion, non-uniform charge, and non-uniform polarization. Although the 
examples are very simple and highly idealized, they exhibit the essential 
character of the relations which exist in the more complicated and general 
cases, and certain general conclusions can be drawn which are of im- 
portance in the classification to be made presently, of bodies as conduc- 
tors and dielectrics. When a body is formed of neutral polarizable units 
whose dimensions are very small compared to the dimensions of Ari, 
it is possible to choose the cells Ar; in such a way that p:=p=0. The 
potential due to such a body is then described in terms of the volume 
density of polarization P, as interpolated from the values Pi—fpi/Ar;. 
It is natural, and usual, to refer to such a body as a polarized body. In 
case the polarization of each unit within Az; is the same, the polariza- 
tion pi of Ar; is equal to the number of units times the polarization per 
unit. This neutral polarizable unit may be a molecule, or, as in a crystal, 
simply an arbitrary group of charges which may be viewed as a unit of 
construction of the crystal structure. 

In the case of à body in which there are no such neutral polarized 
units whose dimensions are small compared to the dimensions of Ar;, 
the polarization of Ar; has the value which arises from the varying num- 
ber density of charges across Arz;. From the statistical regularity of the 
problem, it is evident that this variation is small, and that this polariza- 
tion pi will be canceled (as in example 2) by that polarization which is 
introduced by the interpolated variation of p, so that the values of Pi 
will vanish. That is to say, when rapid fluctuations in sign are ruled out 
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(such as would occur, for example, were small neutral polarized units 
present), the slowly varying continuous density p is capable of complete- 
ly describing the charged condition of the volume cells. For such a body, 
the problem of representing the potential is quite the same as in the gravi- 
tational case. The potential of such a body is thus described in terms of 
a charge density, and it is natural and usual, to refer to such a body as 
charged, but unpolarized. 

$15. Mutual Electrostatic Energy in Terms of the Continuous Densi- 
ties.—It has been seen above that the mutual electrostatic energy of a 
charge e in the presence of a ponderable body (i.e., the total mutual 
energy of the whole configuration minus the internal electrostatic energy 
of the charges forming the body itself) is given by 


(47) V,—eo, 


where ®, the potential due to the charges forming the body, is given, 
by (41), as a function of z, y, z. Then the force Fe on the charge e is 


(48) Fe=—VW.=—eV®, 


the indicated differentiation being carried out with respect to the co- 
ordinates of e. The total force F on a set of charges e; is then given by 


(49) F= — De; V@;= —Vre;P; P 


where ©; is the value of 4 at the position of e;. If this set of charges 
ei forms a second body (as distinguished from the first body, to which ® 
is due), the total force on this second body is thus expressed as the nega- 
tive nabla of | 

P i 1 E €i €i! 
(50) Apr Zeb: = a 2 ee , 
the mutual electrostatic energy of one body in the presence of the other. 
In this sum the charges e; are those forming the body 1, and the summa- 
tion is to be carried out first with respect to 7’ for a fixed 7, and then 
with respect to 7; so that it does not contain the internal electrostatic 
energy of either body. 

It is obviously out of the question actually to compute Ze;%; for a 
ponderable body, and the procedure, as before, is to express this sum in 
terms of integrals, of continuous functions, over the volume and sur- 
face of the body. The charges forming body 2 are divided, by means of 
volume cells Az; of linear dimensions of the order of l, into subcom- 
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plexes which satisfy the conditions of statistical regularity and slow 
variation (25) and (26). Then the sum 


AV = Dee f 


Ar; 


where e; are now the charges in Ar;, is to be approximately represented 
by means of integrals of continuous functions. This problem is, analyti- 
cally, entirely similar to the one, just considered, which has resulted in 
definitions of p and P, the only difference being that in the sum now 
being considered © appears where 1/r appeared before. It is thus evi- 
dent, by direct analogy, that the foregoing sum can be represented by 
two integrals of the form 


Í podr-+ dJa (P, V®)dr , 
Ar; Ari 


where p and P are continuous functions which, as before, are to be 
characterized by comparing the terms in the expansions of these two 
integrals with the terms obtained by expanding directly the sum Ze. 
The value of &, however, cannot exceed Z|e|/ro, where the summation 
extends over all the charges of body 1, and where ro is the minimum dis- 
tance from Ar; to body 1. Similarly, 04/0x cannot exceed Z|e|/7j, 
0*$/0z? cannot exceed 2Z |e|/r3, etc. That is, the quantities 


dd de 
è, (ie) ad eee 


are of decreasing magnitude, and the ratio of successive terms is of the 
saine order of magnitude as the ratio of successive terms of 


1 (2 1/r s us 
zi TAL T 


Thus, in characterizing p and P by comparing terms in the expansions 
just mentioned, the same terms can be neglected now as were neglected 
previously, and the whole computation can be obtained from the previ- 
ous equations by simply replacing 1/r by ®. The definitions of the 
functions p and P are then the same, in terms of the total charge and 
polarization of the volume elements of the body 2, as the definitions of 
p and P for body 1. That is, the densities, as defined above, are avail- 
able for use both in finding the potential due to a body and in finding the 
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total force on a body. Indeed, the mutual electrostatic energy of the two 
bodies, from the variation of which the force can be found, is given by 


(51) V — f p$dr4- f (P, V4)dr-- f ndo+ f (L, V®)do , 


the integrals being extended over the volume and surface of body 2, and 
$ being the potential due to body 1, as given by (41). Note that the 
variables of integration in these integrals are the unprimed variables 
x,y,z; and that p,n, P, &. , and 4 are all functions of x,y,z. 

$16. The Force and Torque on a Body.—The total force on a body 
can be found by calculating the variation in the mutual electrostatic 
energy Y when the body is shifted but all the charges forming it are 
maintained in the same relative configuration. That is, it can be ob- 
tained by computing the negative nabla of Y, holding p, n, P, and & 
constant and, accordingly, allowing only 9 to vary. To make clear the 
fact that only 4 is to vary, the equation for the force may be written 


F--—VaV. 
Thus, 
F= { p(—Ve&)dr+ {n(—Veb)do— {Va(P, Vb)dr— {Va(b, V)do . 
The last two integrals can be simplified by means of the identity 
Va(A, B) - (A,Vg) B--[A curl B] , 
which, for the special case A—P, B= V, reduces to 


Va(P,V$) =(P,V)V® , 
since 
curl y@=0. 
In the expression (P, V) V6, it is not necessary to retain a subscript on 


either operator V. Making use of this result, and substituting the elec- 
trostatic intensity E for —V¢, the foregoing equation reduces to 


(52) F= { pEdr+ f nEdo+ f (P, v) Edr4- f (H, V)Edc . 


The E vector in this equation is that due to all the bodies except the 
one on which the force is being determined. The electrostatie intensity 
E and the densities p, n, P, W are functions of x,y,z, the variables of the 
integration. 
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In a similar way the torque on a body may be obtained by calculating 
the variation in Y corresponding to a rotation of the body, the relative 
configuration of the charges remaining unchanged during the rotation. 
The xz-component of the vector torque T is thus given by 


ov 


41 BET ) 


where 0 measures an angular displacement of the body about the 


Fic. 16 xad 


z-axis. As the body rotates, the y- and z-co-ordinates of a fixed point 
of the body change according to-the equations 


y ro cos 0 , 
z-—ry sin 6, 
so that 
9 dy deg |. 0 ð 
30. dé ay,’ doba 021 > dy 
Thus 


which is the x-component of the vector 


ftr. pE|dr , 
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where r is a vector from the origin of the tivosticites x,y,z to the in- 
finitesimal element dr. Likewise, 


-$ f ra=- fafo y -z E] AL 


is the z-component of 
f [r, nE|do . 


Since the relative configuration of the charges is unaltered, the vector 
P, at a fixed point in the body, has a constant magnitude, but a-direction 
which rotates with the body. Thus 


P,=P’ cos (a—0) , 
P,— —P' sin (a—60) , 


where P’ is the component of P in the y-z-plane. Thus 


oP, 


To 
i) Pu 
30 =P,. 
Therefore, 
ð ; ð oP 
-$ f evoi- (3, (P; B)ar= { (p.55 2+P,° 30 E, Lg, 38 
oP, 
s HB, ED) ar h 
OE, 9E, 3E; 
= ( EP,- —ByP dr Í [n (v y ae 8) sa "e 
OE, ðE, 
+P, (y Fae ma) Je 4 


Since E= — Vë, however, the curl of E vanishes identically, so that 


aE, ðE, p E, a8, aB, ab, 
ðy 02’ Oz. mðr. dy x^ 
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Using these equalities, the foregoing integrals reduce to 


9E, | 
f &- npo | [uo en, E ow) 


-a(P, 5 esp, Ê EP, EIE 


which is the z-component of the vector 


JIP, Eldr+-{[r, (P, V)Eldr . 


In the same way it may be seen that 
-2 | (ve) 
35) U^ V Die 


S(H,Eldo+ fr (4, V) Edo 


is the z-component of 


Thus, collecting terms, 


(53) T= fir, pEldr+ fir, nEldo+ fIP, Bldr-+flb, Eldo 
+ fIr.CP, v) Eldr - fEr, (I, V) Edo 


Here, as in (52), the vector E is that due to all the bodies except the 
one on which the torque is being determined. The electrostatic intensity 
E, and the densities p, 7, P, Wœ are functions of x,y,z, the variables of 
integration. 

$17. The Essential Electrostatic Characteristics of a, Ponderable Body. 
—This section is concerned with the relations between p, 7, and P, and 
not at all with the density of superficial polarization p. If the body 
under consideration has a polarized surface layer, the density p is, of 
course, an essential electrostatic characteristic of the body which must 
be considered along with the two other essential characteristics treated 
in this section. 

In $14 it was noted, in connection with the illustrative examples, 
that if a body be subdivided and the resulting densities p, n, and P be 
determined, the expression for the potential due to the body, namely, 


Lila paiet E fiwon - 
s-z fi rt f? ia f ( "ma JL 
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ean be transformed to read: 


—lf(Apz divi) EGIA 
s-u f T arte f T dait 


It was furthermore seen, in the examples there considered, that it was 
possible to subdivide the body in different ways, giving rise to different 
densities; so that, for example, a body could legitimately be considered 
to have no volume or surface density of charge and a volume density of 
polarization, or to be unpolarized, but charged on the surface and 
throughout the interior. The questions “Is the body polarized?" and 
"Is the volume density of charge zero?” have, without further specifica- 
tion, no meaning. It was found, however, in the examples considered 
that the quantities 


(p— div P) and  (n+P,) 


were independent of the mode of subdivision. The examples thus suggest 
that these two combined quantities, rather than the three densities 
p, n, P themselves, are the essential measures of the electrostatic char- 
acteristics of a body; and that, in any given case, it is possible to sub- 
divide in a way that throws the burden of the description on p and n 
only, on P only, or, as an intermediate step on p, 7, and P, the quanti- 
ties (p—div P) and (q--P,) remaining unchanged throughout. 

It would clearly be difficult to argue directly, in a general case, that 
it is always possible to subdivide a body into volume cells Az; and sur- 
face cells Ar; for which p; and pj are, for example, zero, while p; and 
p; are, in general, not zero; and also possible to subdivide this same body 
into a set of volume cells Az; for which p;=0, while $iz£0. But this 
direct argument can fortunately be avoided. Suppose that a first division 
of a-body A gives rise to densities pi, m, and Pı, and thus to the fol- 
lowing expression for the potential due to the body: 


ioi (pies Ure I 7 GEA PL:) 
ong {Ooo arg [9 do . 


The force on this body, when in an external field E, is 


F4={piEdr+{mEdo+ f (P1, V)Edr , 
and the torque is 
F4= (Ps, Eldr+ fir (Ps, V)Eldr+ fir, Eie fir, mE)do . 
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These expressions for force and torque have been obtained by cal- 
eulating appropriate rates of change of the mutual electrostatic energy 


Y= (dpidr 4- (dido 4- f (Pi, V)d: . 
The last written integral can be transformed by (44) to read 


f$P.dc — f div Pid: , 
and hence 
Y = fd(pi— div P,)dr+ [®(m+Pi,)do z 


If, now, the force and torque be calculated from this last expression 
for Y, the following expressions will obviously be obtained: 


Fa= (E(p;— div P,)dr+ fElm+Pi,)do : 
T4— f[r,E(pi— (div P:)|dr+ flr,£(m+Pi,)do . 


Thus the potential due to the body and the force and torque on the body 
depend only upon the two particular combinations 


(p— div P) and (n--P,).. 


'Thus two bodies, of the same size and shape, for which the values of 
(p—div P) and the values of (n--P,) are identical, are electrostatically 
indistinguishable. That is, if a seeond body B have volume and surface 
densities p» and 72, and a polarization Pz, satisfying the relations 


p»— div P,2p,—div P; > 
mtPe=m+Pi, ) 


then 
p= pg A FA=FB, Ta=Tp , 


and the two bodies are electrostatically equivalent. Thus, aside from the 
question as to whether A can be so subdivided as to give rise to densities 
p, n2, Pe, it is clear that another distribution of charges, entirely equiva- 
lent (to the order of the approximation involved in all this treatment) 
to the body A, and which may therefore be substituted for A, can be 
divided so as to result in densities p», 72, P2. In particular, either p» and 
nz or P2, might be zero; so that body A can always be considered to be 
charged but not polarized, or polarized but not charged. The choice of 
the description is à matter of viewpoint, and the choice of viewpoint 
must be made on physical rather than mathematical grounds. 
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PROBLEMS FOR PART III, CHAPTER I 


1. State in detail the argument by which equation (20) follows from the 
' equation just below it. 


2. By expanding 1/r in the integrand of expression (21) in $ 10, prove 
the statement that this quantity represents, to terms of order 1/73, 
the Coulomb term in the potential due to the complex. 


3. See Figure 12 and justify the sign of the fourth term of equation (32). 


4. Given a scalar u and a vector A; show that 
div (u,A) 2v div A+ (A, Vu). 


o? 
oz 


6. Calculate div u Vv where u and v are scalar functions. 


2 
5. Show that div Vu=V?u, where ved zat 


7. Caleulate the values of 


3 
EET and [75582 a, 


the first integral being extended over the area of a circle, and the 
second around the boundary of the same circle. Explain the result. 


8. Integrate x? throughout the volume of a sphere, and [z? cos (nx)]/3 
over the surface of the same sphere. 


9. Calculate the divergence of the vectors 
A=ix+jyt+kz, 
es a i aw By Ad 
Ani rtd aa r? 
PLE E Ee, 
C-i ats tk FE 
10. Show that div 5-0 . 
11. Caleulate the curl of the vectors 
A=ir+tjytkz, 
ait jar? 
Bet rtd PRR r’ 


C— izz — jy? 4- kryz. 
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13. 
14. 


15. 


16. 
17. 
18. 
19. 
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Show that curl V$z0. 
Show that div curl A=0. 


In the general formula 
{div Adr — {A,do ; 


substitute for A the vectors u Vu, u Vv, —v Vu, where u and v 
are scalar functions. Add the two last formulas. 


In the same general formula, substitute for A the vector P/r. Cf. 
with equation (44); cf. § 14. 


Calculate V(A,B) and, as a special case, V&(A,B) . 
Show that (A[B,C]) = (B[C,A]). 
Show that [A[B,C]] - B(A,C) — C(A,B). ^ 


What condition is imposed on the vector iM 4-jN by the fact that 
Mdz+Ndy is an exact differential? 


If the total charge of a complex is not zero, there is always some 
point relative to which the polarization of the complex is zero. Show 
how to locate this point. : 


Why is it impossible to use the result of the last problem and the 
argument at the end of $9 to attempt to show that the Coulomb 
term is always the leading term in the potential due to à complex 
whose total charge does not vanish? 
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Coulomb’s law, as experimentally deduced, is essentially a statistical 
law, applying to the action between complexes of charge. It is consistent 
with the experimental facts to idealize this law to cover the case of a 
single pair of charges, so long as this idealized form of the law is used, 
along with the principle of superposition, only in cases where large num- 
bers of charge are present. There is some evidence that Coulomb’s law 
does hold between a single pair of charges, but it is interesting to note 
that in the only cases where the direct action between two charges pro- 
duces an observable effect, namely, in those cases where the charges 
come close together, question has often arisen concerning the exactness 
of the inverse square law. 

It is hoped that the definitions here given for the electrostatic po- 
tential and the electrostatic intensity are such as will emphasize the fact 
that these functions have physical significance only at points where 
charge is located, although, considered formally as mathematical func- 
tions, their values can of course be calculated at any point in space. The 
intensity at an “empty” point in space is often defined as the force which 
would act on a unit charge if it were placed there without disturbing 
the positions of any of the existing charges. The objection that a unit 
charge cannot be introduced without, in general, altering the whole con- 
figuration is sometimes met by defining the intensity as the limiting value 
of the force per unit charge which would act on a charge were it located 
there, the limit being taken as the magnitude of the charge approaches 
zero. Such a limiting process is clearly incompatible with the modern 
concept of a minimum indivisible charge—the electron. The present 
authors object to basing physical theories on definitions which involve 
what would happen if an impossible thing were true. The most signifi- 
cant trend of modern theoretical physics is the general insistence that 
theories must be based on the facts of experience. The theory of relativ- 
ity, for example, grew out of an insistent demand that we substitute, for 
the old hypothetical simultaneity, a concept of simultaneity based on a 
physically realizable process. A similar viewpoint is found in the more 
recent, quantum dynamics, where we also find the proposal to discard 
from physical theories quantities which are not subject to experimental 
measurement. 
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The definition of intensity discussed in the preceding paragraph is 
subject, moreover, to an objection other than that which relates to an 
impossible limiting process. The point involved is a rather trivial case 
of a general question which has been of fundamental significance in the 
development of electrical theories, namely, the general question of the 
significance of the electric and magnetic vectors at points in empty 
space. Physics clearly has no legitimate concern with a theory that can- 
not be tested by experience, and it is equally clear that, at present at any 
rate, such appea! to the senses as forms the basis of experience can only be 

- effected by material agencies. The authors feel, therefore, that a physical 
theory has no concern with “conditions” at an empty point in space, and 
for the precise reason that the point is empty. The English school of 
physicists have been chiefly responsible for the inclusion of all points of 
space within the legitimate field of inquiry of a physical theory, this ex- 
tension being based upon the hypothesis that there is something at an 
empty point in space—the aether. This hypothetical aether has, how- 
ever, consistently refused to make any direct appeal to our senses, and it 
becomes more and more clear that even were there such a medium, its 
essential nature lies in the fact that it cannot make such an appeal. It 
would, therefore, seem to furnish physies with no excuse for concerning 
itself with conditions at points where there 1s nothing to be conditioned. 

This does not at all mean that a mathematical theory of electricity 
should refuse to consider values of such quantities as electrostatic in- 
tensity or electrostatic potential at points where there is no charge. In- 
deed, the great service which a mathematieal theory renders to the 
physieal theory consists of the imbedding, so to speak, of the discrete 
physical quantities in a mathematical continuum, the physical quanti- 
ties then appearing as special instances (taken at points where there is 
charge) of a mathematical continuous function. This mathematical func- 
tion is found to obey a certain differential equation, and certain boundary 
conditions, and thus the physical problem is brought under convenient 
and powerful methods of analysis. The complete lack of physical sig- 
nificance of the mathematical function at points in free space is evident 
from the fact that it is perfectly conceivable to imbed the physical values 
in two different mathematical continua, satisfying different differential 
equations and boundary conditions, but physically equivalent since they 
lead to the same values at all points where there 1s charge. 

It will perhaps be felt that the continuous densities are introduced 
with more care and at greater length than is warranted. The authors feel, 
however, that confusion has existed here which cannot be met by a brief 
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treatment. A procedure often followed is, in fact, this: In the case of 
conducting material the volume density p (and as a limiting case, the 
surface density 7) is either not defined at all or is defined as a sort of 
smoothed-over continuous density of such a sort that its volume integral 
throughout any volume is equal to the actual total charge in this volume. 
The actual definition of this density p is often open to serious criticism. 
Such a definition, for example, as 


=lim ma 
ui AT 


Ar=0 


does not produce, in the case of a concentrated charge, a continuous (or 
finite) function p; while the concept of an extended charge presupposes 
the concept of density. Other writers borrow, without examination, the 
notion of a continuous density from potential theory; but even granting 
that potential theory has such a concept to lend, the difficulty remains 
that the electrical problem differs in an essential way from the gravita- 
tional problem, since in the former negative as well as positive elements 
appear. 

When dielectrics are treated, they are often idealized into electro- 
statically equivalent bodies formed of doublets; the volume polarization 
P is defined (although not always in such a way as to make it a continu- 
ous function) ; and the potential of a dielectric is then expressed, in terms 


of P, as 
1 1 
xf (0v 3r. . 


It is then shown that this integral can be transformed to read 


and it appears that the potential is the same ''as though” the dielectric 
had a volume charge of density —div P and a surface charge P,. The 
idealized doublet counterpart of the body is then used to show that the 
body actually does have such volume and surface densities of charge. 
All of this, while slightly confusing, is not serious until one asks for the 
representation of the potential due to a body which it is desirable (for 
physical reasons as, for example, in the case of a leaky dielectric) to de- 
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scribe as both polarized and charged. If the densities p, y, and P are 
determined as they were in the separate cases above, do the terms 


f: art (2 do 


contain some portion of the term 


f (Pv 3r. 


or do they not? That is to say, has there been a double count, certain 
charges appearing in two róles? 

It is hoped that the relationship between p, n, and P is made clear 
by the treatment given here. The notion that the functions p, 7, and P 
result from a particular subdivision of the body leads, without surprise, 
to the fact that different subdivisions might lead to different functions 
p, n, and P. This physical possibility for a shift in the description finds 
its mathematical counterpart in equation (44), which shows how the vol- 
ume polarization term can be mathematically changed into volume and 
surface density terms. The final answer to the question of the possibility 
of shifting the burden of the description from P on to p and 7 or vice 
versa comes in $ 17. There it is shown that, since these densities are intro- 
duced for the specific purpose of obtaining the potential due to a body or 
the force and torque on a body, the body may be subdivided in various 
ways that will result in it being judged charged but not polarized, polar- 
ized but not charged, etc.; but that the essential electrostatic character- 
istics (p—div P) and (n+P,) are independent of the mode of subdi- 
vision. 

The four examples used to illustrate the physical meaning of the con- 
tinuous densities are unfortunately long. They are, however, as simple 
as the actual situation being studied permits. Cases of uniform charge, 
uniform polarization, varying charge, and varying polarization must be 
analyzed, and linear variation is the simplest choice. Although these ex- 
amples are as simple as possible, an added importance results from the 
fact that they are, at the same time, as complicated as possible. The 
volume V may be thought of as composing a small part of a body. The 
assumed conditions of statistical regularity then limit consideration to 
cases of linear variation; and a superposition of the four examples repre- 
sents as complex a situation as electrostatics, in its present form, is 
competent to deal with. 
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CHAPTER II 


THE ELECTROSTATIC PROBLEM FOR CONDUCTORS 
AND DIELECTRICS 
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Part I. Tue DISTRIBUTION PROBLEM: CONDUCTORS 
INTRODUCTION 


The formulation of the preceding chapter enables one to determine 
the potential due to a body or the force on a body when the distribution 
of charge is known. The present chapter is primarily concerned with the 
question of distribution of charge. The obvious mode of attack is to con- 
sider the average of all forces acting on charges, and to equate (since an 
electrostatic condition is by definition one of statistical equilibrium) 
this sum to zero. The condition thus obtained is the essential characteri- 
zation of the distribution. In considering all the forces on charge, the 
theory of the previous chapter is not sufficient, since it applies only to 
the action of distant groups of charge; whereas the charges within a body 
are subject to the action of both distant and neighboring charges. A 
sphere of radius 6 is therefore drawn about the charge, the forces on 
which are under consideration, so as to separate the distant from the 
neighboring charges. The force due to the charges outside this sphere can 
be treated by the methods of the last chapter. Specific assumption must, 
on the other hand, be made concerning the force due to charges within 
this sphere, the behavior of this force furnishing a discriminating char- 
acteristic of various types of materials. 

Before assumptions are made, however, concerning the force due to 
the neighboring charges within the ó-sphere, a function #* is intro- 
duced, this being defined, at any interior point, as the potential due to 
all charges outside a sphere of radius ô drawn about this point. The 
rate of change of this function 9* does not give (at least directly) the 
force due to the charges without the 6-sphere, since in the variation of 
$* the deleting sphere moves, and certain charges are removed from 
consideration while other new ones are added; while in obtaining force 
from the variation of potential, all charges must be held fixed. It is 
found that if the densities p and P have negligible variation through- 
out the interior of the à-sphere, the force due to outside charges is given 
by E--P/3, where E is the negative nabla of a function which is com- 
puted, at interior points, from the same formula which, at outside points, 
gives the electrostatic potential, and where P is the polarization at the 
point in question. 

The total force on an interior charge is thus E+P/3+-f, where f is 
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the force due to the charges within 6. The term f is further resolved 
into that portion fı due to the charges forming the few atoms immedi- 
ately neighboring the point in question, and f; due to the remaining 
charges within 6. A conductor is then defined as a body for which the 
force fi, which is characteristic of the detailed structure of the body, is 
zero. It is argued, on physical grounds, that P and fe are both zero. 
And since the total force vanishes when there is equilibrium, it follows 
that, at such interior points, E=0, or what is equivalent, ® is constant. 
The constancy of 9 at interior points is, together with a knowledge of 
the total charge and of the behavior of © at infinitely distant points, 
sufficient to characterize uniquely the distribution. The first two of these 
conditions are, however, in integral form and are not convenient to ap- 
ply; and an equivalent set of equations is obtained ([I], p. 99) in the 
form of a partial differential equation and boundary conditions. From 
these conditions © may be found, and hence the distribution of charge 
and the forces and torques may be determined. It is shown that the sol- 
ution of conditions (I) is unique, so that however a solution be obtained, 
one is assured that it is the only one and hence that it furnishes a correct 
solution for the physical problem. 


$18. The Force on an Interior Charge Due to Non-neighboring Charges. 
—Equations (52) and (53) above express the total force and torque on a 
body in terms of the densities p, n, P, & of that body and in terms of the 
potential due to all charges not located on the body in question. But 
the integrals involved cannot be evaluated unless the continuous density 
functions p, n, P, & are known for all bodies present. These densities, 
depending as they do upon the distribution of charges, are determined by 
the exceedingly complicated interaction of all the charges present, and a 
new difficulty arises in connection with these interactions; for each charge 
of a certain body is affected not only by distant charges on other bodies 
and distant charges on the body in question, but also by charges in the 
immediate neighborhood of the one being considered. Now it is evident 
from the assumptions made when the densities were defined that the ex- 
pression for @ in terms of these densities is valid only when the point at 
which 4 is being calculated is far from all the charges which contribute 
to the densities p, n, P, œ which appear in the formula for $. To empha- 
size this restricted availability of the function 9, it will be referred to 
as a “group potential." The group potential due to a group of charges has 
thus no significance at a point near the group of charges. 
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The solution of the distribution problem evidently involves a knowl- 
edge of the total force on each charge. The force due to all those charges 
which lie outside a sphere of radius 6 about the charge in question ( ô 
large compared to molecular and atomic dimensions) can be expressed in 
terms of the group-potential function due to these distant charges. The 
first step in the solution of the distribution problem thus involves a sepa- 
ration of the force on a charge into two parts—one due to the distant 
charges, and the other due to the neighboring charges within the 5-sphere. 

In different types of bodies different assumptions are made concern- 

ing the force due to neighboring charges. But before any such separation 
of the general problem is made, it is possible to discuss, in terms still en- 
tirely general, the force due to non-neighboring charges. 

Thus, consider a charge which is within a body of volume 7 and 
surface X, and let $* be the potential, at O(r,y,z), the position of this 
charge, due to all the charges which lie outside a sphere of radius 6 
drawn around O. That is, let 


(54) aee (o fi H m «f (>, v z) ary (CHR (Cuv *) do’ 
= 15 Ss > , 


tyg’ 


where p’, 7’, P', W are functions of the integration variables z/y;z'. 
Although it has direct physical meaning only at a point where a charge 
is located, this function $* can be calculated at any interior point, but 
the negative nabla of this scalar function @* is not the intensity E* 
due to all charges outside the 6-sphere, because in calculating the in- 
tensity from the variation of the potential, all charges contributing to 
the potential are to be held fixed. In considering the variation of * 
from point to point, however, the ó-sphere is carried with the variable 
point, so that in the process of variation certain charges are removed 
from consideration, while other new ones are added. Thus 


E*-—V*$*, 


where V* takes account of the variation from point to point within a 
fixed 6-sphere of the potential due to the charges outside the sphere. 
That is, 
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The analytic distinction between Vë* and V** will be made clear 
by considering the variation of an integral of the type 


u*- f f(2,y,2,2' y',2")d:' ; 


where x,y,z are the co-ordinates of the center of the sphere à. Then the 
change in this function, corresponding to an increment Az in x, arises 
from two sources: first, from the fact that the parameter z in the inte- 
grand has the new value x+Az; and, second, from the fact that the inte- 
gration region has been slightly altered by the shift of the sphere which is 
to be deleted from 7. The portion of the 
rate of change of u* with respect to zx 
which results from the first-named source is 


obviously 
9f 
"pes y dr. 


On account of the shift in the 6-sphere, on the 

Fic. 18 other hand, elements of volume Ar’=do’ 

cos (n,x)Ax are added to the integration re- 

gion, where do’ is an element of the surface s of the 6-sphere and n is an 

interior normal to the ó-sphere at do’. The sign of the factor cos (nz) 

takes account of the fact that in the shift of the 6-sphere the region I (see 

Fig. 18) is to be removed from, and the region II added to, the region of 

integration r—ô. Thus the portion of the rate of change of u* with 
respect to x which results from the shift of the ó-sphere is 


if cos (nx)do’ 
so that 


(56) a f , 2 dr! f. Vostietmi)dati: 


Apply this equation to (54). The result, namely, 
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shows that the difference between the two modes of variation indicated 
by V and V* appears as two integrals taken over the surface s of the 
ó-sphere. 

These two integrals can be simplified in case the physical conditions 
of the problem permit the assumption that the functions p’ and P" are 
so slowly varying across the range of the ó-sphere as to be practically 
constant. This is a more stringent condition of slow variation than has 
previously been assumed for these functions, since 6 must be large 
enough to contain many volume cells Az; if the group potential is to be 
legitimately used for all charges outside à. Under such an assumption 
the values p’ and P' in the foregoing integrals can be replaced by po 
and Po, the values of p’ and P’ at Of. These integrals then become 


Po red ve laa! 
&f ndo +i f (Pev Z)ndo ; 


the first of which is clearly zero. The second can be written 


Po 
EIE on do’ , 


where e is the angle between Po and a line from O to do’. It is then 
clear from symmetry that this integral has no component perpendicular 
to the direction of Po, while the component parallel to Po is given by 
Po 7 2 ies = Po 
f cos? o 276 sin e dp= +; : 
The value of the integral is thus +3Po, and equation (57) can be re- 
written 


Verc ror 
or 
P 
(58) E*- —Vé*p., 


where E* and P are both measured at O, and where E*, 4*, and P 
are all functions of x,y,z, the co-ordinates of O. 
Now the mathematical function E* defined by (55) is, when p’ and 
P' are sensibly constant over the sphere, independent of the size à. For 
two different values of E*, corresponding to two different choices of 
+ Note that this makes pc and Po functions of x,y,z, the co-ordinates of O. 
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6, differ by the intensity due to the uniformly charged and uniformly 
polarized spherical shell contained between the two ó-spheres in ques- 
tion; and the intensity due to this completely symmetrical distribution 
is zero.T It is customary to take advantage of this mathematical fact 
by letting ô approach zero. Thus 


ote nacer e pet a Ly 
8-0 5-0 520 3 
Or 
(59) Rau LUE A 
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It should be carefully realized that allowing à to approach zero is a 
purely mathematical device, and in no way affects the fact that E* is 
still the force due to the non-neighboring charges. The advantage, re- 
ferred to above, of this last equation over (58) depends upon the fact 
that it is possible to prove that the first term of the right member of (59) 
is equal to the negative nabla of a function ® given by 
(60) talim $*, 
6=0 

1.e., a function which is the analytical extension, for points within a body, 
of the same function which gives, at exterior points, the potential due to 
the body. The proof just mentioned will now be given. 

The function @* may be written 


POS Sle ts FAA 


the four terms o£, 6¥, &*, and é£ being abbreviations for the four inte- 
grals on the right side of (54). Since f and ef are regular integrals 
which do not depend in any way on the value of 6, it is clear that only 
$* and 7 require consideration. 

It follows from (56) that 
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t This portion of this statement which refers to polarization may not seem obvi- 
ous. It is easy to check, by direct caleulation, that the intensity at the center of a 
uniformly polarized spherical shell is zero. See Part I, Problem 9, of this chapter. 
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the last step depending upon the fact that the surface integral over s 
has been shown to be zero when p’ is constant. Then 


1 1 

ð= Ó — 
Obr _ l "Re Tuc wk Pure 
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provided the integral on the right exists; indeed, this equation is the 
definition of the improper integral on the right. That the improper inte- 
gral does exist is made evident by writing dr'=r°dr dw, where dw is an 
element of solid angle; for, when the element of volume is thus written, 
the singularity is removed. Then the fact that 


depends upon the theorem that an improper integral may be differenti- 
ated with respect to a parameter under the sign of integration, provided 
the resulting integral is uniformly convergent with respect to the param- 
eter. The uniform convergence with respect to x follows at once from 
the remarks, made above, concerning the existence of the integral. It is 
therefore concluded that 

lim pd : 

5-0 Ox Ox 


The function 4f requires slightly different treatment, owing to the 
fact that the integrand of the improper integral, 


er- i f (P. y’ Dar , 


becomes infinite at r=0 as 1/7?, rather than as 1/r. This difficulty 
can be avoided by the procedure (familiar from the theory of the New- 
tonian potential) of reducing the order of the singularity by an integra- 
tion by parts carried out before à is allowed to approach zero, i.e., be- 
fore the integral becomes improper. Thus 
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the integration by parts being based upon the identity. 
(61) diy’ (Z )- an f +(P% y *) 


The function 97? can therefore be written as the sum of three integrals, 
the first of which is entirely analogous to 9f, and the second of which 
is entirely analogous to f. It is therefore evident that 


. ef 0d, 
(02) bm ðr“ ðr’ 


lim Al o ^ 5; lim (75 — do’. 
s=0 OX 
But since P’ is constant over s, the integral 


(5 do’ 
pei 


is zero from symmetry, so that the last equation is satisfied. 
It has been shown, therefore, that 


provided 


lim V@*=V $, 
5=0 


where 
$-—lim o*, 


6=0 


Equation (59) may thus be written 


(63) E*=E+5, 
where 
(64) E=-Vo. 


In these last two equations all quantities written are functions of the 
variables 2,y,z. 

$19. Definition of a Conductor.—The expression for the force or a 
charge due to the non-neighboring charges has just been cbtained. The 
distribution of charges is determined, however, by the total force on 
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each charge, so that it is now necessary to discuss the force due to the 
charges within the ó-sphere. This force is affected by the microscopic 
details of construction of the body, and is different for different types of 
bodies. 

Bodies are classified, as regards their electrostatic behavior, into two 
groups: conductors and dielectrics. A conductor is a body whose atoms 
are so constructed and combined that electrons are free to wander about 
in the body, moving from atom to atom. In other words, those forces of 
constitution, operative over ranges of atomic dimensions, which are char- 
acteristic of the detailed structure of the body are such that the elec- 
trons behave, for purposes of electrostatics, as if they were in neutral 
equilibrium under these forces. When the condition of a body is that of 
electrostatic equilibrium, the total force on each charge may be said to be 
zero; and when a conductor is placed under the electrostatic influence of 
another body, the charges of the conductor will be acted on by forces in 
excess of the normal forces of constitution, and the charges will shift 
about into a new equilibrium configuration, i.e., into such new positions 
that the total force on each charge again vanishes. An idealization of the 
actual physical problem is evidently involved in the statement that the 
total force on each charge vanishes when electrostatic equilibrium pre- 
vails. It is of course recognized that a conductor is never, microscopical- 
ly, in equilibrium. The charges are moving about, but with a random 
motion that does not cause any drift of charge from one volume element 
to another. A microscopic motion of charge which does not affect the 
constant value of the total charge e; and the polarization p;i of each 
volume cell Az; will not affect the densities p, n, P, W, and is therefore 
of no consequence as regards the electrostatic behavior of the body. Each 
charge can thus be thought of as stationary at an effective position, and 
as acted upon by zero force. 

Now it was observed, when the polarization fi of à volume cell Ar; 
was discussed, that this polarization is contributed to meagerly by the 
slow variation across Ar; of the number density of charges; but that the 
major portion of pi, in a case where fi is large enough to be important, 
arises from the existence within Ar; of neutral but polarized units. 
Such units might be, for example, polarized atoms or molecules. But 
such units can exist only if there is, within each unit, some restraint 
which allows a small differential shift of the positive and negative 
charges, but which prevents these charges from wandering away from 
the unit in question. A conductor is, by definition, a body in which such 
restraints do not exist, so that the polarization $i of a volume cell in a 
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conductor arises solely from the slow variation across the cell of the num- 
ber density of charges. It has been assumed above, however, that the 
density p is sensibly constant not only across a cell, but also across the 
many cells contained in a sphere of radius 6. It is thus evident that the 
volume polarization term should play no róle in the discussion of the elec- 
trostatic behavior of an idealized conductor, so that the force on an 
interior charge, due to the non-neighboring charges, is, from equation 
(64), given by 


(65) E*=E=—V®. 


The force due.to the charges within the 6-sphere will be denoted by 
f, and will be divided into that part fı due to the charges within a few 
molecular diameters of the center of the sphere, and the part f; due to 
all the other charges in the 6-sphere. The present state of knowledge con- 
cerning the forces acting between charges very near one another, and 
concerning the detailed construction of a body, makes impossible any 
analysis of the forces fı and fz, and, in general, assumptions must be 
made concerning each of these portions of the total force. However, 
the charges whose distances from the one in question are of the order of 
atomie dimensions give rise to the above-mentioned force of constitu- 
tion, and in the case of a conductor, this force is zero. Thus the force f; 
vanishes by virtue of the definition of a conductor. There remains for 
consideration the force f; due to those charges which are within the 
ó-sphere, but whose distances from the center of the sphere is greater 
than the range of the intra-molecular forces of constitution. It is as- 
sumed that this force f; is also zero. This assumption is a natural one . 
in view of the fact that the density p is practically constant over the in- 
terior of the 6-sphere. Under any law of force which depends upon the 
distance between charges, and acts along the line joining them, the force 
on a charge due to a symmetrical spherical distribution about it would be 
zero. The charges within the ó-sphere do not necessarily form an abso- 
lutely symmetrical configuration, but they do give rise to a density p 
which is completely symmetrical. The foregoing assumption is thus 
based upon the reasonable notion that if the charges give rise to a com- 
pletely symmetrical density, they do not themselves sensibly deviate from 
a completely symmetrical distribution. Those slight deviations from 
complete symmetry which exist in the immediate neighborhood of the 
charge in question would be the most likely to give rise to a non-vanish- 
ing force, but these immediately neighboring charges have already been 
disposed of when considering the force fi. 
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If, then, the total force on a charge, and the force due to all the eharges 
within the ó-sphere are each, in the case of a conductor, equal to zero, 
it follows that their difference, i.e., the force due to the non-neighboring 
charges, must equal zero. A conductor is thus characterized by the equa- 
tion 


(66) E*=E=—Ve=0, 


which holds at all interior points. It follows directly from this equation 
that the function $ must be constant throughout the interior of a con- 
ductor. 

$20. The Surface Polarization of a Conductor.—The surface atoms of 
a body are, unlike those in the interior, under conditions which are essen- 
tially one sided. It is natural, therefore, that a charge which is very near 
the surface of a body be subjected to restraints quite unlike those which 
govern interior charges. And it is natural that the ‘‘one-sided”’ electrical 
force, which acts on charges near the surface, produce a relative shift of 
the unlike charges, and hence a polarization p; of the thin volume cells 
Ar; which lie along the surface of the body. It should be noted that the 
surface polarization now being discussed is one which results not from 
any special charged condition of the body, nor from its being under the 
influence of any other charged body, but simply from the inherent one- 
sidedness of the conditions that obtain at the surface. That is, it is an 
intrinsie surface polarization, characteristic of the electrical structure of 
the body in question. At a point on the surface the conditions are asym- 
metrical with respect to the tangent plane, but symmetrical with respect 
to the normal. The intrinsic polarization is thus taken as directed along 
the normal, and, since it is determined only by the characteristic struc- 
ture of the body, it is assumed to be constant in magnitude. It has been 
noted that an intrinsic surface polarization is to be expected on the basis 
of the Rutherford atom, and quantitative deductions have been made on 
the basis of this model* 

It is customary to assume that, in the case of a conductor, there is no 
surface polarization other than the intrinsic surface polarization. This 
assumption is a reasonable one, since the forces due to distant charges 
are surely small compared to the intra-atomic forces of constitution. 
When these intra-atomic forces are in balance, as they are in the interior 
of a conductor, the forces due to distant charges may produce ob- 
servable results; but when the intra-atomie forces are out of balance, as 


* J. Frenkel, Philosophical Magazine, XXXIII (April, 1917), 297—322. 
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they are near the surface of a body, a possible polarization produced by 
the small external forces would be negligible compared to the intrinsic 
polarization produced by the much larger forces of constitution. 

The portion of the potential $ which corresponds to this constant 
intrinsic surface polarization is given by 


a f (ev Dor -; Lp 


where @ is the angle between W’ and the direction from do’ to P, of 
co-ordinates x,y,z, the point at which the potential is being measured. 
But cos 0 do’ is numerically equal to the projection of the area do’ on 
a plane normal to the direction of r, so that 


/ 
cos L do R 
where dw is the solid angle subtended by do’ at the point where the po- 
tential is being calculated, the upper or lower sign being used according 
as the angle between pẹ’ and the direction from do’ to P is acute or 
obtuse. The foregoing integral may thus be written in the form 


ip { (Ee). 


If this integral be extended over the surface of a body, and if the 
point at which the potential is being measured be outside the body, a 
line having the direction of r cuts the surface at an even number of 
points, at half of which dw is positive, and at half of which dw is nega- 
tive. Thus the potential due to this normal surface polarization of con- 
stant magnitude is, at all points outside the surface, equal to zero. If, 
on the other hand, the point at which the potential is being measured is 
inside the surface, a line having the direction of r cuts the surface at an 
odd number of points; say 2n+1 points. At 2n of these points the 
values of dw cancel, while at the remaining point dw is positive or nega- 
tive, according as A points along the interior or exterior normal to the 
surface. Thus the potential due to this polarized layer is, at interior 
points, given by 


To avoid carrying the double sign, it can be assumed that the polarization 
is directed along a certain one of the normals, say the interior normal. 
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Then the magnitude itself is to be considered negative if the polarization 
is actually oppositely direeted. The potential at interior points would 
then be given always by +u. 

It should be noted that the potential due to this polarized layer is 
discontinuous across the surface, the constant “inside” value differing 
from the constant “outside” value by the amount u. In the more general 
case of a variable polarized surface layer, the potential has this same dis- 
continuity characteristic, i.e., the value which ® approaches as the sur- 
face is approached from without differs from the corresponding inside 
limit by an amount yw, where u is the magnitude of the surface density 
of polarization at the point approached. * 

$21. The Distribution Problem for Conductors.—It follows from the 
defining characteristic of a conductor, discussed above, that the charge 
on a conductor is distributed in such a way as to satisfy the two equa- 
tions: 


jie the — = Constant at interior points, 
(67) 
fo fodr+ fn n do = Total charge on conductor. 


The functions p and 7 are to be determined from these simultaneous 
integral equations. In the special case of a spherical conductor of radius 
a and of total charge e, the symmetry of the problem aids one in guess- 
ing possible functions p and 7 which will satisfy these equations. For 
example, if the volume density.of charge p be zero, while the surface 
density be uniform and given by ¢/47a?, the second of these equations is 
obviously satisfied. Moreover, the value of the function 


de € da 
Jr Aaa? 


is constant within the sphere. In fact, let P be a point within the sphere 
whose distance from the center is b, and let 0 be the angle between the 
radius through P and any other radius. Then the surface area 


2ra? sin 0 dé 


lying between cones of generating angles 0 and 6-+d@ may be chosen for 
the surface element de, and the integral may be written 


e (‘sin 6 do 
2 r ‘ 


* See, e.g., Poincaré, Théorie du Potentiel Newtonien, pp. 218 ff. 
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If the variable of integration be now changed, according to the scheme 
r?-g?--b?—2ab cos 0 , 
rdr —ab sin 0 dé, 


the value of the integral is at once seen to be independent of the position 
within the sphere of P. In fact, 


é a+b € 
serm i 


It is obvious, however, that in a less simple case the determination of 
the functions p and 7 from equations (67) would offer great practical 
difficulties, owing to the fact that such pairs of integral equations have 
not received much study. The method of 
procedure, by means of which the problem 
is reduced to more familiar analytic form, is 
a common one, often used in evaluating 
difficult integrals. Consider, for example, 
the definite integral 


Frc. 19 


This integral can be evaluated by differen- 
tiating under the sign, with respect to the parameter a, and by forming 
a differential equation which w satisfies. Thus 


2 oc a? 
du 99 at uade cn. ase 
dea Na vaca d CIA GC 
0 0 


the last step resulting from the substitution z=" . Then 


du 

da = — 2u " 
and hence 

wee. 


When a-—0, u reduces to the probability integral 


= V 
e tdr -—— 
i Yo 
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so that the constant C equals V/z/2, and the value of the definite inte- 
gral is 


Umm. 


A similar procedure will be followed here. The integrals 


gi 
bred ud tio pul fl Ae d ol tib ae 
Zr r Er r dat E n as 


will be differentiated with respect to the co-ordinates x,y,z of the point 
at which 4 is being measured, and a differential equation for ® will be 
derived. This differential equation, together with boundary conditions, 
will then be shown to have a unique solution, from which the densities 
p. and 7’ can be deduced. 

The differential equation for 4, just referred to, is obtained, as a 
matter of fact, by computing the second rather than the first derivatives 
of 4. The integrals 


are regular, and can be differentiated with respect to z, y, or z under 
the sign. Thus: $ 


1 1 

a= ge 
T dotis 1, 0? T 1 T 
ES [v AR Betis on dah fy Er de 


Lfd 
ES L5 


dai ies dara de 


If these terms be added to the corresponding second partials with respect 
to y and z, the result is* 


1 
Q-— 
1 T 1 1 
25 e) rd ene me A p ed / = / 
V "3 EE: Cig i u se do = "3 v2 E do 


* See Appendix , § 4, (41), for the operator V?=“nabla square." 
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yao. 
T 


If the point x,y,z is a point in empty space, i.e., a point which is not 
within some body, the integral 


is also regular, and 


Therefore at all points in empty space the function © satisfies the linear 
partial-differential equation 


V’b=0. 
At points within a conductor the integral 


ded! , dr 
orig um 


is improper, and care must be used in carrying out the differentiation. 
It has already been seen that an improper integral of the type 


Ie dr! 
uP 


can be differentiated, with respect to z, y, or z, under the sign. Thus:* 


the integral being carried out over all of the body 7 which is exterior to 


* One should distinguish carefully between this equation and equation (56). The 
sphere, of radius e, here under consideration has a fixed center. 
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a sphere, of radius e, drawn about the point z,y,z. If the expression 
within the bracket be treated by integration by parts, the result is 


oR nt lona fi dp’ 1 dr! -fË eos (nz’) aj - f? cos (nz) à 
Or Am .-o Paci rd S T z r 
-tim f A Ry , 
4T exo pe dgrlm P r 


where Z is the surface of the body 7, and where S is the surface of the 
-e-sphere, the limit of the integral over S being clearly zero. 

Both these integrals again satisfy the conditions that permit differ- 
entiation under the sign; thus 


1 N 
niic al 
am Ju ð 
T ig lim T E àz 7 de “(a3 ; p’ cos (nzx’)do’ 


or, integrating by parts again, 


ED 1 ð 1 
` 1 : y, w / / T 7] / 
= lim p ay E Tr cos (nx')do 
ez Ts " 


If this expression be added to the corresponding second partials with 
respect to y and z, the result is . 


d ds 
1^» 1 T T 
pA, ae = (oss — Ap ME / Ae! / 
Vb = 39 um fni dr’ if gy COS (nz^)4- 3y cos (ny’) 
E 
shag cos (nz’) |do 
But 
V2-=0, 
and 
al al Anu y tige 
/ D [SEEN HELP PER PORA RE 3 
bi — cos (nz') os ” cos (ny) +> cos (nz) = 4 m 
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Therefore, 


1}: p 
Vo-—-—lim | gs. 
P 4r e=0 f T? de 


By the theorem of the mean for integrals, this reduces to 


vue c crqg o une 
4r 2 


e em 
where p isthe value of p at some point on the sphere of radius e. Thus 
(68) V’b= div E=—p, 


where the value of p is taken at the point z,y,z. Since, however, the 
potential is known to be constant at points within a conductor, and since 
V? is therefore zero at all interior points, it follows that the volume 
density of charge must be zero, so that, in the electrostatic problem for 
conductors, the potential function © satisfies, at every point in space, 
the differential equation 


(69) Vb=0. 


The variation, from point to point, of the potential @ is governed 
by this equation. The total function 4 is a sort of “patchwork” func- 
tion, built out of parts which are constant within conductors, and the 
part which varies from point to point in empty space. A vast number of 
functions vary in the way prescribed by the foregoing equation, and to 
pick out the one which, in a given problem, will fit properly on to 
the constant portions within the conductors, it is necessary to investi- 
gate the continuity, across the boundaries of the conductors, of the 
potential @ and its derivatives. 

It follows from the remark just above concerning the vanishing of p 
that the potential is given by the two terms 


1 

re 
m pda’ valk Dm. 
"4m " "UE EE P n ia 


The second term, namely, that due to the intrinsic surface polarization, 
has been shown to be zero at all exterior points. In determining at 
such points this term may therefore be disregarded, but it should be re- 
membered, in connection with the boundary conditions, that the portion 
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of @ due to this term is discontinuous across the surface of a conductor, 
the discontinuity having the constant value y. 

The first term is continuous across the surface of a conductor. It is, 
in fact, clear that any discontinuity in this function can arise only from 
the integral over a very small region of the surface which contains the 
point at which the boundary is to be crossed. A sufficiently small por- 
tion of the surface may be regarded as a plane surface over which 7 is 
sensibly constant. It is thus sufficient to consider the behavior in the po- 
tential due to a circular disk with a constant surface density 7.* The 
potential due to such a disk, at a point on the axis whose distance from 
the disk is z, is given by 


a 2m yd oper c ba 

inh, vay pal eV, 
where a is the radius of the disk. As x approaches zero, either in the 
negative or the positive direction, this expression approaches the value 
an/2, so that the potential 
is continuous across the disk, 
and hence across the surface. 
Since this term is continuous 
across the surface of a con- 
ductor, and since the in- 
trinsic polarization term has 
the constant discontinuity 
u, it follows that the poten- 
tial $, at points outside a 
conductor, must approach, 
as the surface of the conductor is approached, a constant value equal 
to $; so that ®;+; is the constant interior value of the potential of 
the ith conductor, where y; is the magnitude of the intrinsic polariza- 
tion. 

Although the potential due to this circular disk is continuous, the 
normal derivative of the potential is discontinuous. Indeed, from the 
foregoing expression 


Fig. 20.—The potential at points on the axis of 
a circular disk. 


oim rsa wen s byhobisAoo eod si. 
ano i bibas bette dre vej’ 


* For a detailed and rigorous treatment, see Poincaré, op. cit., pp. 92 ff. 
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so that 
oom 
hm CERT NTA: r0 
y OD — 7 
po. Jom TLR 


That the values of 8@/dz just below and just above the disk must 
be different is obvious physically. If, for example, the surface dénsity 7 
be positive, —d/dxz just above the disk is the upward intensity, which 
would be clearly positive; while —d®/dz just below the disk is again- 
the upward intensity, which would clearly be negative at such a point. 
Then if nı and n; are oppositely directed normals to the surface at the 


point in question, 
o oP 
ihe iine rt 


where, for example, (0/0n;), means the limit of d&/dn; as the point 
at which the derivative is taken approaches the surface from the side 
into which n, points. It is customary to abbreviate this notation and 
write simply 
(70) i 


On ni "d i 


the meaning, of course, being the same as before. Although this equa- 
tion has been obtained by considering only the potential due to the sur- 
face charge n, it is true if the potential due to the intrinsic polarized 
layer be included in 9, for the normal derivatives of this latter contribu- 
tion are both zero. This equation can be further simplified on account of 
the fact that the potential is constant within a conductor. Thus if n, is 
an interior normal, and nz=n an exterior normal, 


E 
on, Em 
so that* 
Ob OP 
S) roo coU. 


* The density 7 has been considered a function of z',y',z', while & is a function 
of x,y,z. This equation means, as its derivation clearly indicates, that the value of 
n at z',y'z isequal to the values of d6/dn at z —z', y —y', z-z'. Thus when 06/dn 
is substituted for n, x,y,z in 0/0n must be replaced by 2’,y’,z’; and vice versa. 
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A still further specializing characteristic of the potential $ may be 
obtained by considering the nature of the limiting value of this function 
as the distance from any body to the point at which ® is measured in- 
creases indefinitely. It is supposed that all the bodies under considera- 


Fic. 21 


tion can be contained within some finite volume. Then at any point with- 
out this volume 
» n d 51 


TR pou 


the integral being extended over the surface of all conductors. This inte- 
gral may be re-written as 


1 : "U do' 
(R^ 4-2 —2Rr| cos 0)! : 


a 1 1 0 doe bg 
trap v (145 tp» —2 p C08 ) Targ 


lim pod f war- Total charge 
R=% An dx 


so that 


In the same way 1t may be shown that 


lim R? & 
Dao os 
is also finite. When it is desired to refer to the characteristic behavior 


at infinity which is expressed by these relations, the potential will be 
said to be “regular at infinity." 
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The various points just discussed give rise to the following schedule 
of conditions on the function ®: 
(a) V’b=0, at all points. 
| b) Either the constant potential ©; or the total charge e; of 
| each conductor must be known. Thus © reduces, on each 


conductor, to a known constant $; or ® reduces to an un- 
(I) known constant, while on the surface Z; of the ith con- 


ductor* 
forem =f a m do’ =@;. 


c) ® is regular at infinity. 


This schedule of conditions will be referred to collectively by the 
Roman numeral (I). The mathematical formulation of the electrostatic 
problem will now be completed by proving that there exists but one 
function ® satisfying these conditions. This theorem will then guarantee 
that a function, obtained in any way whatsoever, which satisfies these 
conditions, is the actual solution of the physical problem. 

§ 22. The Uniqueness of the Solution.—Before giving the proof of the 
uniqueness of the solution of (I), it is necessary to establish an identity 
which is a form of Green's theorem. Integration furnishes the equation} 


(72) i an (A. cos (nx)dc , 
T Ox Z 


where Z is the surface of the volume 7, and where n is an exterior 
normal. If this equation be added to the two corresponding equations 
in y and z, the result is 


(73) faw Adr= f^ ndo , 


where A is the vector whose components are A+, A,, and A.. If A be 
given the special form U VU, this equation reduces to 


on fov a- rec fL) +) Gen 


which is the identity sought. 


* See last footnote. 
+ See Appendix, § 5, A, for more complete discussion. 


100 


THE DISTRIBUTION PROBLEM § 22 


The uniqueness will first be proved for a closed region which is a 
cavity within a conductor whose potential $y is supposed known. Sup- 
pose that there are two functions ©, and 4» satisfying (I), and set 


$,—4,— U . 
Then from (I) 
V7 20] 


at all points within the cavity; while on the walls of the cavity, since d 
and 4, reduce, at all such points, to the same constant ®o, . 


U=0. 


If these values be substituted in (74) \the result is 


àUM , /aU\2 , ðU? 
fel ee «) *) Je: 
But since the integrand is essentially positive, it follows that it must 
vanish identically, 1.e., it follows that 


SU QU aU. 
ðr Oy O2 


Thus the rate of change of U in any direction is zero, and since U is 
zero on the boundary of the cavity, it is zero throughout the interior. 
The difference between the two solutions 4$; and ® therefore vanishes 
identically, and the solution is unique. 

Consider next the potential at any point in free space due to a set 
of conductors whose potentials are known. Apply formula (74) to the 
volume whose interior boundary is the exterior surface of all the con- 
ductors, and whose exterior boundary is a large sphere, of radius R, 
which contains all the conductors present. Call U, as before, the differ- 
ence of two possible solutions. Then from (I), U satisfies the conditions 


V?U —0, 
U —0 on the interior boundary, 
| U is regular at infinity. 


The first volume integral of (74) vanishes as before. The surface integral 
must now be extended over both the interior and exterior boundaries. 
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The surface integral over the interior boundary vanishes, as before, 
since U is zero on this boundary. Let the radius R of the exterior 
boundary approach infinity. Then, from the regularity at infinity, U 
vanishes as 1/R, and dU/én=0U/0R vanishes as 1/R?. Thus if 
dc=R?dw is an element of surface on the sphere, 


(pots ier f zer (dS - P f as, 


where F is some finite number. Therefore, as R approaches infinity, 
the surface integral over the exterior surface vanishes. Then, as before, 


KD e Gy peo 


the region of integration now having become all space exterior to the 
conductors, and it follows as before that the potential is unique. 

If, in either of these proofs, the potential of each conductor is not 
known, but its total charge e; is given, the proof must be modified. In 
proving that the surface integral over the conductors is zero, it is not now 
known that U vanishes on the surface of each conductor. However, since 
U is the difference of two solutions ©, and 4», each of which must reduce 
to a constant on each conductor, it follows that U is constant over the 
surface of each conductor. 'Thus 


fo a-u - pian apt of f 2 ae = [ae] =U(—e:+e:) =0, 


and the remainder of the proof, in either instance, goes exactly as before. 
$ 23. Gauss's Theorem.—In the previous section it was shown that the 
surface density n on a conductor is given by —d@/dn, so that 


op 
(75) e do = —e 


where e is the total charge on the surface of the conductor, the integral 
being extended over that surface. It is possible, however, to assign a 
more general meaning to this equation. In fact, if the surface integral 
be extended over any closed surface = whatever, the foregoing equation 
is still correct provided e is interpreted as the total charge contained 
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within the surface. To prove this statement, apply (73) to the region in 
question, and let A have the special value Vb. The formula can be ap- 
plied only to a region throughout which the components 0*/0z, d&/dy, 
o6/dz of V are continuous. It has been shown that these derivatives 
are discontinuous across any surface S; where $740. Such surfaces of 


Fig. 22 


discontinuity S; must therefore be excluded from the region of integra- 
tion by inclosing them in surfaces c;, such as are shown dotted in the 
figure. Let the volume within Z be called 7, and the volume inclosed 
by the surfaces c; be called 6. Then (74) reads: 


ð$ ab 
{2 i+ f 38 dem | vein - fot l 


As an inclosing surface c; shrinks down on the surface of discontinuity 
Si, the integral 


approaches the value 


~ Sal Gi) * G2. 
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Thus, as all the inclosing surfaces c; shrink down on the surfaces S;, the 
foregoing equation becomes 


fee — do = Areo ndo , 


= QC. 


where e is the total charge within Z.* Equation (75), with the extended 
significance just given it, is sometimes called ''Gauss's theorem." The 
derivation just given includes the case of both surface and volume 
densities of charge. In an electrostatic problem for conductors, p is zero, 
and only the integral involving 7 remains. 

$24. Applications of the Uniqueness Theorem.—The uniqueness 
theorem may be used to establish the fundamental additive character of 
potentials and charge densities. Suppose, for example, that a set of con- 
ductors be raised to potentials ®; by charges e;, and that 4 is the po- 
tential at any point in free space. Then if the charges are given new 
values me;, each charge being the same fractional part m of its original 
value, the potential at any point will be mé. For the conditions 


Vimé-mV*$-(0, 


ome od 
Tics "m do = JE: do — —me; , 


m9 is regular at infinity, 


are satisfied; and therefore by the uniqueness theorem m® is the only 
and hence the correct solution. Since the potential at any point in space 
is m times its original value, it follows directly that the potentials of the 
conductors themselves are given by mó;. At any point on the surface of 
a conductor the surface density of charge is given by the negative rate 
of change of the potential in the direction of the exterior normal. 
Hence if 7 is the surface density when the charges are e; and the po- 
tential &, the surface density when the charges are me; and the poten- 
tial m$ is given by 


* [t is easily seen that if there be charge on the surface Z itself, the integral un- 
der consideration gives the charge on > as well as that within 3. 
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Increasing or decreasing all the charges in a given ratio thus increases 
or decreases (in the same given ratio) both the potential at any point, 
and the surface density on all the conductors. 

Suppose further that a set of conductors be raised to potentials ©, 
by charges e;, and to potentials $; by charges e;; then they are raised 
to potentials (€;+¢;’) by charges (e;+e,’). For since charges e; raise 
the conductors to potentials &; , 


$' is regular at infinity, 
and since the charges e; raise the conductors to potentials 4; 


Ve" =0, 


$"' is regular at infinity, 


it follows by addition that 


^ 


Vi(&/--8")-0, 


ifi techs drag = (8 ae p fes g i-us 


$'-- o" is regular at infinity, 


which, by the uniqueness theorem, prove that ®’+” is the potential 
when the charges are e;--e;. When the total charges on the conductors 
are e;4-e;, the surface densities of charge n; can be shown, in the same 
manner as above, to be 


/ Hn 
m=: > 
where 7, and n; are the surface densities when the total charges are e; 


and e;, respectively. 
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As a further illustration of the usefulness of the uniqueness theorem, 
consider the problem of determining the potential at any point due to a 
conductor which is itself uncharged, but which contains a cavity within 
which is located a charge +e. 

The potential at any point exterior to the conductor, due to a charge 
e located in the cavity, satisfies the schedule of conditions 


| V? =0 in free space, 


f do = —e over exterior boundary of the conductor, 
|: is regular at infinity, 


the second equation resulting from an application of Gauss's theorem to 
the external surface of the conductor.* These conditions are identical, 
however, with those which hold when a solid conductor has a charge e. It 
follows from the uniqueness theorem, therefore, that the potential at 
any point in the space outside the conductor 
is the same in the two cases. In the case of 
a solid conductor there is à surface charge 
given by 


and since the potential at every point, and 
hence the normal derivative of the potential, 
Fic. 23.—A charge e located 18 the same in the two cases, there is the same 
in a cavity of a conductor. surface distribution on the exterior sur- 
face of the hollow conductor. Since, how- 
ever, the total charge of the hollow conductor is zero, and since the 
volume density of charge is also zero, it follows that there is a surface 
distribution on the walls of the cavity of total amount —e. In the case 
of the hollow conductor, the surface distributions on the exterior surface, 
and on the walls of the cavity, are known as "induced charges." 


PROBLEMS FOR PART I, CHAPTER II 


1. Under what circumstances can an integral be differentiated with re- 
spect to a parameter which occurs in the integrand? 

2. The function 2?--y? is integrated throughout the interior of the par- 
allelopiped bounded by the planes z= +a, y= +b, z— tc. What 


* See preceding footnote. 
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functions, integrated over the surface of this same body, would pro- 
duce the same final answer? 


. At points outside the sphere 2?+y?+z?=4, the intensity 
E=132+j3y+k3z . 


At points inside the sphere, E=0. What value does 7 have on the 
sphere? 


. For z»0, the intensity vector is given by the equation 
E=1(2+2)+j(3+y)+k(3+2z) , 
while for x « 0, 
E=i(8y+42—2)-+j(3-+y-+2)+k(8-+2—2). 
What is n on the plane x=0? 
. On one side of the plane ++y+z=0, 


Bxi(2+F_- pes G bpg os ZU dug tv 


while on the other side 


Ez (e vate) (5-75- TEC S MET zi 


What is the surface density of charge on the plane? 


. Prove from the uniqueness theorem that the charge on an isolated 
spherical conductor is uniformly distributed. 


. Prove that the potential is constant at points within a cavity located 
in a conductor. 


. A conductor, on which is a total charge e, contains a cavity within 
which is located an additional amount of charge e'. Use Gauss's 
theorem to find the total charge on the wall of the cavity, and on the 
exterior surface of the body. 


. Suppose a spherical shell whose interior and exterior radii are r, and 
rz to have a uniform volume density of polarization whose magnitude 
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is P and whose direction is that of the a-axis. Show that the z- 
component of the intensity at the center of the sphere is 


T T» (6 2 Le ctp 
pf {Geos Bsn o, o anoarai-o. 
DECLA. 


10. In $ 20 it was shown that the normal derivative of the potential due 
to a circular disk is discontinuous as the disk is pierced. Show that 
the tangential derivative of the potential is continuous. 


11. Asis indicated by the previous problem, the tanzential component of 
the electrostatic intensity is continuous as one pierces a charged sur- 
face. Do the fields given in Problems 3 and 4 conform to this de- 
mand? 


12. Show that Problem 5 is obtained from Problem 4 by rotating the 
z-axis of Problem 4 into the position of a normal to the plane 
z--y--2-—0, and the y-axis of Problem 4 into a position lying in the 
x-y-plane of Problem 5. 


4 
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The schedule of conditions (I) above has just been shown to determine 
uniquely the electrostatic potential. For various types of problems spe- 
cial methods have been developed which lead conveniently and simply 
to the function which satisfies the schedule of conditions (I). Part II of 
this chapter exhibits and explains some of these methods. The image 
method, for example, furnishes a solution to many problems. For other 
problems it is convenient to transform the conditions (I) into the form 
they assume when curvilinear co-ordinates are used. The essential ad- 
vantage in the use of such co-ordinates is that it is possible (as, for ex- 
ample, in the case of the sphere or ellipsoid) to choose such co-ordinates 
that the equation of the surface of the conductor in question is \=a, 
where a isa constant and à is one of the curvilinear co-ordinates. Then 
the condition “‘ ® is constant on a conductor" is expressed as '  $ = 
constant, when \=a’’—a formulation of this condition which is more 
simple and more easy to apply than it would be in case other less suitable 
co-ordinates were used. 

This section also introduces the concept of the capacity of a conduc- 
tor, and contains a brief treatment of logarithmic potential. 

$25. The Method of Images:—An important special method of de- 
termining the potential and the distribution of charge in certain electro- 
static problems is the so-called “method of images." This method will 
be illustrated by several problems, the most simple of which is the de- 
termination of the potential due to a charge e located a distance a from 
an infinite conducting plane whose potential is zero. It is convenient to 
separate the potential © into the sum of two terms, one of which, e/4zr, 
is the potential due to a charge e; while the other, 4;, is the potential 
due to the charge which is induced on the surface of the conductor. The 
potential @; must satisfy the conditions 


V? — 0 in free space, 


€ 
Amr 
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the latter condition arising from the fact that on the conductor 


If, by inspection or otherwise, a function 4;, regular at infinity, can 
be obtained which satisfies those conditions, then the potential ® is the 
physical potential sought. It is easily seen, however, that 


is such a function, 7’ being the distance to O’, the image point of O, 
where e is located. Thus the complete solution is 


EAVES 
ig (ome) 
and the effect of the charge induced on the surface of the conductor is 
exactly equivalent, at exterior points, to an imaginary charge —e located 
at O'. 

Since the intensity within the conductor is zero, the surface density 
of charge is given by —d®/dn, and it is easily calculated from the last 
equation that 

NN 
177 2287 


The surface charge is thus heaped up under the inducing charge e, as is 
shown in Figure 24. 

The method of images may be stated as follows: Having a given dis- 
tribution of charges and conductors, one seeks an arrangement of imagi- 
nary charges not located within the region in which the potential is de- 
sired, which imaginary distribution together with the actual specified 
distribution will make the potential reduce to suitable constants on all 
conductors. Then this imaginary distribution may be discarded; for by 
the uniqueness theorem the solution obtained is the only one, and the 
actual induced surface charge on all conductors may be calculated as 
usual from the normal derivative of the potential. The word “image” is 
used in describing the method since, as is illustrated by the problem just 
discussed, the notion of a geometrical image is often involved in the loca- 
tion of the imaginary charges. 


110 


METHODS OF SOLUTION § 25 


Consider next a pair of conducting planes intersecting normally, with 
a charge e located within the right angle. The potential at any point in 
the angle between the planes may be obtained at once by the image 
method, the previous illustration suggesting the proper imaginary dis- 
tribution of image charges. Reflect +e at O in plane B and plane A; 
and reflect the last charge so obtained in plane B, changing the sign of 
the charge at each reflection. There are thus obtained the three imaginary 
image charges located at O,, Oz, and O; (see Fig. 25). The one actual 


Fia. 24.—A charge e located a distance Fic. 25.—A charge e located in the 
a from the plane face of an infinite con- right-angled corner of an infinite con- 
ductor. ductor. 


and the three imaginary charges have a combined potential which is ob- 
viously zero on planes A and B. Therefore, by the uniqueness theorem 


the potential sought is 
ou (1-1411 ; 
BEND T f3 ifs 


The surface charges induced on the planes and effectively equivalent to 
the three imaginary charges may be determined by an examination of 
the normal derivatives of the potential #. The total surface charge on 
plane B turns out to be 


where a and b are the distances from the charge e to the planes A and 
B, respectively. 
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The case of the three planes intersecting at right angles can be 
treated in the same way. The case of two planes intersecting at an angle 
t/n, where n is an integer, can also be treated by the method of images. * 
Figure 26, for example, shows the necessary distribution of the image 
charges for the case n=3. 

The image method may also be used to obtain the potential due to 
a charge e which is located a distance b from the center of a conducting 
sphere. Let the radius of the sphere be a, and suppose first that the 
sphere be grounded so that its potentialis zero. If theimage method is to 


Fia. 26.—A charge e iocated between two perfectly conducting planes intersect- 
ing at an angle 7/3. 


furnish a solution it must be possible to locate within the sphere a charge 
e’ of such a magnitude and at such a distance x from the center that 
the potential due to e’ will cancel the potential due to the charge e at 
every point on the surface of the sphere, i.e., so that 


e, e 

rtr 
at every point on the surface, r being the distance to e, and r’ the dis- 
tance to e’. Transposing and squaring, this relation becomes 

er metr 


e!(a?-- 3? —2ax cos 0) =e (a+b? —2ab cos 6) . 


* For a detailed discussion of the number of reflections necessary, see T. Oryng, 
Phys. Zt., January, 1928, p. 41, and H. Mauer, ibid., March, 1928, p. 147. 
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This expression must be an identity in 6, so that, equating coefficients, 


xe? —be" , 
or 
x=bp, 
where 
peee i 
Also 


ea + ebp =e a? +e? , 
bip (a’-+b’)p+a?=0 , 
p=1 or a?/b?. 
If p=1, then e’=+e, and <= +b: a possibility that is discarded 


- since the charge e’ must be 
within the sphere. Thus 


p-a?/b, 
yeu?/b. 
e' — —eafb . 


Fra. 27.—A charge e located a distance b from 
„the center of a perfectly conducting sphere of 
radius a. 


The sign of e' is so chosen 
as to make the potential 
vanish on the surface of the 
sphere, the double sign having been introduced by squaring. Then 


Me: el m 
=at) -4G í 
where r’ is measured to the point x=a?/b at which e’ is located. 

If the potential of the sphere is to be a constant 4o, instead of zero, 
this modified problem can be solved at once by assuming a second ficti- 
tious charge, which obviously must be placed at the center of the sphere 
in order that the potential due to it be symmetrical over the surface. In 
order that this second charge raise the sphere to potential o, the magni- 
tude of the charge must be 4ra. Thus the potential 


igi; dick 


1 e ea Ara 
TERU T 
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satisfies all the conditions of the problem, and is the unique solution, r^ 
being the distance from the point at which 4 is measured to the center 
of the sphere. 

If the sphere has a total charge e, a further modification is neces- 
sary. An amount e' of this charge must be placed at the image point in 
order to nullify, at points on the surface, the potential due to e. There 
remains an amount é—e’ which, if thought of as located at the center 
of the sphere, is available to raise the potential of the sphere to the 
value (ē—e)/4ra. Substituting this for o in the previous solution, the 
potential is given by 


SH E ea d 


x br br” 


The potential as given by this expression is constant over the surface of 
the sphere; the surface integral of the negative normal derivative of the 
potential is é; the equation V?$ —0 is satisfied at every exterior point 
(except at the location of e); and 9 is regular at infinity: this expres- 
sion is, therefore, the only solution. The distribution of charge assumed 
in obtaining the solution is, of course, only hypothetical; and if the actual 
distribution be desired, it may be calculated from the equation 


Using the hypothetical but equivalent distribution of charge, the force 
F between the charge e and the sphere can be readily calculated. It is ` 
given by 


Ip ow enea TX é+ae/b 
Ir -r- | b (b—z) b? | , 
_@fébtea ^ ab 
"4m-| eb (b? — aè)? 


The method of images may be applied to many problems. A finite 
number of image charges suffices in any case where the region in which 
the potential is to be determined is bounded by: 

1. A single spherical surface or a plane. 
2. Two planes, a sphere and a plane, or two spheres, the intersections being at 
an angle m/n, n integral. 
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3. The two surfaces of 2 and a third, which may be cither plane or spherical, 
which cuts both orthogonally. 

4. The three surfaces of 3 and a fourth, cutting the first two orthogonally and 
the third at an angle t/n, n integral. Of these four surfaces at least one must 
be spherical.* 


It is possible, however, to apply the method of images to cases where 
a finite number of images will not suffice. The case of a charge located 
between two planes which intersect at an angle not commensurable with 
7 may, for example, be solved by the image method. An infinite num- 
ber of image charges is required, and the potential is expressed by means 
of an infinite series. T 

An infinite number of image charges is also required in the case of 
two conducting spheres, and on account of its importance, this problem 
will be discussed briefly. Let the two spheres A and B be of radii a 
and b, and let the distance between their centers be c. Suppose that A 
be at potential $,, and that B be grounded. If a charge 47é,a be lo- 
cated at A (the center of sphere A), this charge produces the required 
potential @) over the surface of sphere A; but the potential over the 
surface of B is not zero. From the last problem discussed, however, it 
follows that an image charge —4r®oab/c at B', where BB’=b?/c, will 
reduce the potential of sphere B to zero. This charge, in turn, disturbs 
the value of the potential over sphere A, which must be restored to the 
constant value o by an image charge 


47 ab a 

c b? 
T " 

at A', where 
a 

AA'— p 

C= 

c 


* Maxwell, Electricity and Magnetism, I, 206. 

t The method of images may also be applied to problems in which the image 
points fall within the region in which the potential is desired. In this case one makes 
use of superimposed Riemann spaces, comparable to the many-leaved Riemann sur- 
faces of analytic-function theory. See Riemann-Weber, Differentialgleichungen der 
Physik, Vol. II, chap. xiii (1927). 
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To obtain again zero potential over sphere B requires a charge 


_ 472b } a 1h b 


located at B", where 


Pee Te 


e—— 
Cc 


This process must be carried on indefinitely, the value and position of 
each successive charge being given by the results of the previous problem. 
The successive charges, moreover. crowd closer and closer together, so 
that their effect at exterior points becomes less and less. In the case of 
spheres of equal radii, separated a distance greater than a diameter, it 
is not necessary to use more than two or three successive image charges to 
obtain a very close approximation. The potential is, in the general case, 
given by an infinite series. The analysis involved in the summation of 
this series is complicated, and will not be given here. 

$ 26. Curvilinear Co-ordinates.—In locating a point in space by means 
of rectangular co-ordinates, the equations x= constant, y=constant, 
z-— constant each determine a plane. The intersection of two of these 
planes is a straight line which intersects the third plane at the point in 
question. A more general system of co-ordinates can be obtained by 
using not plane but curved surfaces. For example, if special values 
Uo, Vo, Wo be assigned to three functions U, V, and W of z, y, z—that is, if 
one sets, 

uo = U(z,y,z) , 


Uo — V (x,y,z) , 
Wo = W (x,y,z) , 


then each of these equations determines a surface. Two of these surfaces 
intersect in à space curve which intersects the third surface at a point. 
The three numbers wo, vo, wo which thus determine this point are called 
“curvilinear co-ordinates” of the point. The surfaces u— constant, v — con- 
stant, w = constant are known as the ''co-ordinate surfaces”; their inter- 
sections, pair by pair, are known as the ''co-ordinate lines"; and the 
tangents to the co-ordinate lines at a point P are called the “co-ordinate 
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axes" at P. If such functions are chosen as make the co-ordinate axes 
at every point in space mutually perpendicular, the co-ordinates are 
known as “orthogonal curvilinear co-ordinates." Most physical prob- 
lems are best handled by means of orthogonal co-ordinates, and only 
such will be considered here. 

The polar co-ordinates p and @ which locate a point in a plane are a 
special example of orthogonal curvilinear co-ordinates in two dimensions. 
Since one less dimension is involved than in the general case considered 
just above, the co-ordinate surfaces reduce to lines—the radial lines 
6=constant, and the concentric circles p= constant. These intersect 


Fic. 28.— Polar co-ordinates in the Fic. 29.—Element of volume using 
plane. curvilinear co-ordinates. 


everywhere at right angles, the co-ordinate axes at a point P being the 
radius and tangent to that circle, with center at the origin, which passes 
through P. 'The distance ds,, measured along the p-axis, from the cir- 
cle whose radius is p to the circle whose radius is p+dp, is clearly dp. 
The distance dsp, measured along the 6-axis, from the radius whose an- 
gle with the polar axis is 0 to the radius whose angle with the polar 
axis is 0--d0, is, however, pd6. In generai, the distance ds, measured 
along the u-axis between two surfaces for which u differs by an amount 
du is a function of du which vanishes when du=0 so that the first term 
in the Taylor expansion for ds, as a power series in du is 


ds, — eidu , 
where e; is some function of u, v, w. In the same way 


ds, — edv , 
ds, — esdw . 
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To calculate these quantities e1, e2, and es, it is necessary, in gener- 
al, to obtain by differentiation the values in terms of u,v,w of the incre- 
ments d£u, dy,, dz, which correspond to an increment du in u, v and 
w being held constant. Then 


edu? = da?,4- dy?, 4- d22, , 


etc., from which ej, e, and e, may be obtained. This calculation is sel- 
dom necessary, however, and in specifie cases the three functions 


Fra. 31.— Polar co-ordinates 
Fra. 30.—Cylindrical co-ordinates in space. 


€, €2, € May usually be determined by inspection, they being those quan- 
tities by which increments in the variables must be multiplied to give 
distances measured along the co-ordinate axes. 

In cylindrical co-ordinates, for example, a point is located by means 
of the three variables p, 0, and z. If one chooses 


then from the figure 


ds,=dp, ^ ds-pd6, ^ ds,—dz, 


€71 (EY qu 


In polar co-ordinates a point is located. by giving the radius of the 
sphere on which it lies, and its co-latitude and longitude on that sphere, 
i.e., it is located by the three variables p, 0, p, as shown on the figure. 
Then if one choses 
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it follows by inspection from the figure that 
ds,=dp , dsq= pdé , ds=p sin 0 de, 


a=1, =p, €3— p sin 0 . 


The expression for the divergence of a vector A in terms of general 
orthogonal curvilinear co-ordi- 
nates is most easily obtained 
from the equation 


diy A Nin dede 


dr=0 dr 


which is obtained at once by 
applying the mean-value theorem 
to the formula 


f divA dr=fA,do , 


Fig. 32.—Element of volume using 
polar co-ordinates in space. 


the volume integral being ex- 
tended over the infinitesimal 
volume dr. This equation is to be applied to a volume element whose 
edges have lengths 


ds, — edu , ds, — ed , ds, — esdw , 


and whose faces have areas 
do, — eeydu dv , das, = exesdv dw , dc, — eesdu dw . 


The surface integral of the normal component of a vector is often re- 
ferred to as the “total normal flux" of that vector through the surface 
in question. The total normal flux of the vector A out through the sur- 
face of the volume element here considered may be written as the sum of 
three terms, each of which represents the contribution from a pair of 
opposite faces. The total normal flux out through a pair of opposite 
faces is equal to the flux out through one face, minus the flux in through 
the other, 1.e., it is equal to, for example, 


EE dove Magee) wlowe) ay |- — A dow = 


O(A,esesdo dw) d 


O(A,esesdv dw) dag 
ðu 


m dw+ 2 


u — A,e:e;dv dw = 
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where A, is the component of A in the direction of increasing u. The 
expression for div A therefore takes the form 


iv Alim — Ls [ SAnererdy dw) q, | (Asesdu dw) 
dus ere2e3du dv xl ðu dut — àv dv 
deseen) 3) 
ðw 
or, canceling, 
div A= E | onn aA ere) "Sem. 
€1€2€3 Ou àv aw 


If the values of ei, e, es for various systems of co-ordinates be substi- 
tuted in this formula, the following values for div A result: 


a) Polar co-ordinates in the plane: 


S AL 1[9(45 , 9(49] . 
div a=; | Bp + ED hs 


b) Cylindrical co-ordinates: 


ditat s AQ. 2 i 


Op 90 0z 


ES ze 19A, 
' p p 900 


c) Polar co-ordinates in space: 


i obe, d 0(p? sin 0A,) 4 ole sin 0A») , 9(pA, 
BA in Al dp Sanaa cote L2 
_1 8(pA,) 1 o(sin 049 1 TOCA) 
XL. d» p sin 0 90 psin@d dg ` 


At any point the space rate of change of a scalar function ® in the direc- 
tion of the positive u-axis is given by 
&(u+du, v, w) —®(u, v, w) 1 0b 


lim z =- —., 
Distance from u, v, w to v4-du, v, w e du 


Let u',v';w' be unit vectors which, at every point in space, are directed 
along the u-, v-, w-axes at that point. Then if nabla of the scalar func- 
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tion ? be expressed in terms of the curvilinear co-ordinates, the scalar 
coefficient of u’ is 


since this scalar coefficient is the rate of change of ® in the u-direction. 
Hence this expression for V® in curvilinear co-ordinates is 


Te OMe eel dic lide us 
= w 


sib y ðu ez Ov e3 ðw 


By combining the foregoing expressions by means of the identity 


div Vo VS , 


the following expression for V?® in general orthogonal curvilinear co- 
ordinates is obtained: 


Dee il G ex3 0b ð eez 0b ð e162 óp 
€1€9€3| OU € Ou OV e àv ðw e ðw 


From the values of ei, e; es given above, the following formulas result: 
a) Polar co-ordinates in the plane: 


1| 3 odo 0/1 ð 
2g beides cer oe T3 dii : 
pma AFG EA wale 


NONO 
mime ee 
hin du p og ' dz?’ 


oo 5 oo 
QS i 
pta a(c DN 1 a(n o 5) 1 - 
^p ðp p sin 0 02 p) sin? 80g ^ 


§ 27. Potential Due to a Charged Sphere: the Capacity of a Conductor.— 
As a first illustration of the use of curvilinear co-ordinates, consider the 
problem of determining the potential at any point in space due to a con- 
ducting sphere which carries a charge e. In choosing the type of co- 
ordinates to be used, one seeks such co-ordinates that the boundary will 
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be expressed by as simple an equation as possible. In this example, if 
polar co-ordinates be chosen, the boundary of the sphere is given by the 
equation p=a, where a is the radius of the sphere. The potential must 
therefore reduce to a constant value for p=a, and since this condition 
is independent of the variables 0 and e, it is sensible to assume that the 
potential itself is, at any point, independent of 6 and e, and that it thus 
depends only on p. The nature of the boundary conditions having sug- 
gested a simplifying assumption, one proceeds on the basis of this as- 
sumption, and if a solution is obtained which satisfies all the conditions, 
it is known, from the uniqueness theorem, that this solution is the only 
and hence the correct one. That there is a potential, due to a sphere con- 
taining charge, which depends only on p and is independent of 0 and e, 
is also clearly indicated by the physical symmetry of the problem, but 
the assumption 1s again justified only by the fact that the solution to 
which it leads is known to be unique. It will be seen in other problems 
that the boundary conditions suggest simplifying assumptions of a simi- 
lar nature. 

The last written equation for V?® is thus reduced, by the assumption 
that 4 is independent of 0 and e, to the form 


p) Op : 
so that 
oo Ob a a 
2 —— = —— = — = —— 
p Op , Op p b o m , 


where a and f are constants of integration. 
It remains to satisfy the two conditions 


oo Ob 
$8 p. f 9 do — —e , 


$ is regular at infinity . 


The second of these two conditions clearly demands that 8-0; while 
from the first 
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The unique solution of the problem is thus given by 


and the potential is seen to be the same as if the charge e were concen- 
trated at the center of the sphere. At points within the conductor the 
potential is constant. If there be no polarized layer on the surface, so 
that the constant value of the inside potential is equal to the value ap- 
proached on the surface by the outside potential, the potential at all 
points within the sphere is given by 


e 

(Br Na e 

The ratio of the charge on an isolated conductor to the potential to 

which this charge raises the conductor is called the “capacity” of the 
conductor. The capacity. C of an isolated sphere, namely, 


C=— =4ra : 
€ 


4ra 


thus varies directly as the radius of the sphere. 

§ 28. Concentric Spherical Shells: Potential and Capacity.—Consider 
next a sphere of radius a surrounded by a spherical shell of inner radius 
b; and outer radius b». The co-ordinates just used are again obviously 
suitable, and, the symmetry being the same as before, the potential in 
the space between the two conductors is given by 


= PRANE , 
p 


where a; and ĝı are constants which now depend upon the potentials 
and charges of the two conductors. A similar expression 


$,- — EB, 
p 


holds for points outside the shell, the regularity at infinity demanding 
that B» — 0. 
Suppose first that the inner sphere has charge e, and that the shell 
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is grounded so that its potential is zero. Then 4, and 4$, must vanish 
for p=b; and p=be, respectively, while 


ge EM uita 
ee ie A Ags? inpia ae 


It is readily checked that the potential is zero at all points outside the 
shell, while the potential at points between the two spheres is given by 


The potential of the inner sphere is obtained by setting p=a. Its value 
is | 


Cue we e b—a 
ex-£ 7r É ab, ’ 
which is smaller than the potential to which the sphere would be raised 
by the charge e if the surrounding shell were not present. In fact, the 
capacity of the sphere, when the shell is present, namely, 


h e _ 4rabi 
ea b-a' 
4T ab, 


may be made as large as desired by making b,—a small enough, i.e., 
by having the outer shell close enough to the sphere. It thus appears 
that it is possible greatly to increase the capacity of a conductor by hav- 
ing a second conductor in close proximity to it. Such a combination is 
called a “condenser,” and the capacity of the condenser is defined as the 
ratio of the charge to the difference of potential of the two conductors. 
Since the outer shell is grounded, and thus at zero potential, the capacity 
of the spherical condenser just described is given by 


and is numerically equal to the capacity of the inner sphere when the 
shell is present. | 

If the inner sphere have charge e but the outer shell be not grounded, 
it is possible to obtain the expression for the capacity of the spherical 
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condenser thus formed without knowing either the potential or charge 
of the outer shell. For the difference of potential of the two conductors 
is equal to the difference in the values for p=a and for p=b, of the ex- 
pression 


€ 
me ape . 


Thus 


ee/ LA el e b—a 
(posa Ee e (i7) EUER 


so that the capacity of the spherical condenser is 


TE € "AN 4rabı 
G ebi aN bi —a 
4T ab, 


the same value as that obtained above when the outer shell was grounded. 

As regards the distribution of charge, it is evident from the expres- 
sion for ® that in either of the two cases considered the charge e on the 
sphere is uniformly distributed as a surface charge of density e/4ma?. 
If the outer shell be grounded, the surface -charge on its inner face is 


given by 
ELEM 9T -(25 ry lal. 
ng on psa Op pent 4b? ` 


E 


There is no surface charge on its outer face, since the potential at all 
exterior points is zero. There is, thus, a total induced charge on the shell 


equal to 
€ 
nde = — —; da — —e. 
if b, xab b, 


Suppose, however, that the outer shell be not grounded, and that its total 
charge be zero. Whatever surface charges may be induced on the inner 
and outer walls of the shell will be uniformly distributed so that their 
effect, at outside points, will be the same as if the charge were concen- 
trated at the center of the shell. The total charge on the shell is, however, 
zero. Therefore the potential at outside points is given by 
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and the potential of the shell is 
e 
(To) ~ Aarbs " 
Hence the expression 


€ 
visu 


must reduce to e/4zb, when p-—b;; so that 


eral. T 
8-75) 


AAW ls Tel 
w= 2 (-+5-F) : 
It follows that there is an induced charge on the inner face of the shell 
whose density is given by 


--(2 2.) tens 
? An) p=, \Op/ p=», Arb?’ 


while on the outer face of the shell 


-- (3) --($) fins. 
ye. ON) , PE 0p/,-w Arb? ` 


From these values it may easily be checked that the total charge on the 
shell is zero. 

§ 29. Ellipsoidal Co-ordinates: the Potential Due to a Charged Ellip- 
soid.—An important physical problem which further illustrates the use 
of curvilinear co-ordinates is the determination of the potential due to an 
ellipsoid which carries a charge e. Let the equation of the boundary of 
the ellipsoid be, in rectangular co-ordinates, 


2 
(76) Fear. 


It is desirable to choose co-ordinates in which the boundary is given by 
a simple expression involving, if possible, only one of the co-ordinates. 
Now the equation 


(77) 


y. 
Mine e eec 


126 


METHODS OF SOLUTION § 29 


represents a family of quadric surfaces confocal with the foregoing ellip- 
soid (76), the squares of the distances from the origin to the foci being 
‘given, for any value of t, by 


B= (a +1)— (P+) =t, 

& = (b?+t) -—(2+4 =b?—-c, 

di-(a-Ft)—(e-4-t)2a-—c, 
if a>b>c. Direct examination of (77) then shows that the surface is an 
ellipsoid if t>—c?.’ For —c?>t>—b?, the surface is a hyperboloid of one 
sheet; and when —b?>i>-—da?, the surface is a hyperboloid of two 
sheets. The locus is imaginary for —a?>t. The equation (77) is, for a 


given point, zo, Yo, Zo, a cubic in ¢, and may be seen to have three real 
roots u, v, w satisfying the inequalities \. 


4-70 w«-Ucpw)c-d«u, 
Indeed, this cubic in / may be written 


f(t) = H e+e t (2-0 (1C 0 y - (V+) (0-0) 
= (P+O (P+ (C+ =0, 


so that 
whent=+o, f=% , sign is — 
whent=—c?, f(t)=z2(a?—c*)(b?—c?) , sign is + 
whent=—b?, f(t) =—y2(b?—c?)(a?—b?) , sign is — 
when t=—a?, f(t) =22(a?—b?)(a—C) , sign is + 


From this table it is evident that the graph of f(t) crosses the axis at 
three points which satisfy the inequality given above. Thus the quadric 
surface passing through the point zo, yo, zo is an ellipsoid if the parame- 
ter ¢ be chosen equal to u, a hyperboloid of one sheet if t=v, and a 
hyperboloid of two sheets if t=w. These three surfaces, moreover, may 
be shown to have mutually perpendicular normals at the point in ques- 
tion. The three numbers v, v, w thus determine three curved surfaces 
which intersect normally at the point zo, yo, Zo, so that u, v, w may be 
taken as orthogonal curvilinear co-ordinates. Such co-ordinates are 
known as "'ellipsoidal co-ordinates.” It is evident that the boundary of 
the ellipsoidal conductor under consideration is given by the relation 
u=0. It is the simplicity of the expression which indicates the probable 
advisability of these co-ordinates. 
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In order to make use of these ellipsoidal co-ordinates, it is necessary 
to determine the quantities ei, €, es, which cannot, in this case, be ob- 
tained by inspection. The calculation may be considerably shortened by 
a consideration of the identity 


EHNE 2 uet =f tcu v) u) 


That this is indeed an identity is evident from the fact that each side of 
the equation vanishes for t equal to u,v, or w, and that the coefficient 
of £ on each side is equal to —1. If, in this expression, t be set equal 
to —a?, the result 1s 
(a?4- u) (a? +v) (a? 4- w) 

(P—a)(e—ay c 


Were 


From this equation there is obtained, by logarithmic differentiation, the 
value of dr,, the increment in x which corresponds to an increment 
du in u, when v and w are held constant; namely, 


dzu _ du 
xr Fu” 


similar values holding for dy, and dzą. Hence 


(eta) + (eta) a) | 


Now from the identity above: 


edu? =— du? 


22 


y 
zz. ten t 
t—u 


u (u—v)(u—w) 
(a?+u)(b?+u)(C+u) ' 


If the indeterminate form on the left be evaluated by the ordinary process 
of differentiating numerator and denominator separately, the equation 
takes the form 


(£5) Mis (25) - (Fi io lows hi E i 
Therefore, 


„1 CD CEE) 
2 N(a@+u) (8? +u)(2+u) ' 
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with similar expressions for e; and es; so that, for example, 


€x; 1 (o— w)v (+u) (P--w)(à4-w) 


& 2 Væ (C 2-v) (a 4-w) (0 +w)(e-+w) 


These expressions for ei, e», e; are now to be substituted in the general 
formula for V*é in orthogonal curvilinear co-ordinates; but since the 
boundary condition in the ellipsoidal co-ordinates being used involves 
only the co-ordinate u, it will be assumed that the potential itself de- 
pends, at any point, only upon u, and is independent of the values of v 
and w. If this assumption lead to a solution which satisfies all the con- 
ditions of the problem, this solution, since it is known to be unique, is the 
potential sought. It will be assumed, therefore, that the potential satis- 
fies the equation 


ð ezz òp 
2) = eS Se 
oe ðu e Ou ; 
which reduces, after the removal of the factor independent of u, to the 
equation 


9 Vg 2 ee 
3, V Oto ttue ti) = =0. 


The conditions on the potential © are, then, when expressed in ellip- 
soidal co-ordinates, 


E 2 2 a OP : 
od vV (a2?+u) (D24-u) (+u) = 0 in free space , 


® is constant, and 


o^ on surface of conductor u=0 , 
an do = eg 


$ 1s regular at infinity. 


The equation which the potential satisfies in free space may be integrated 
at once to give 


Tho du 
m ef V (a? --u) (+u) letu) ] 


where — a is the integration constant of the first integration. The in- 
finite upper limit of the integral assures the vanishing of ® at infinity 
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That % vanishes at infinity in the required manner will be shown later. 
Since & is constant on the ellipsoids u= constant, its maximum rate of 
change is in the direction of the normal to u= constant, i.e., in the direc- 
tion of increasing u. The value of this normal derivative is 


M COM (CRED CRE [Cas nan e 
& du (u—v)(u—w) V (@+u) (+u) (e+u) ' 


V (u—v)(u—w) ' 
Now from the equation 


x y 
su EI ER 4 


itis clear that as x, y, or z increase without limit so does u, and since 


it follows that the co-ordinate w of a point very far away from the origin 
is approximately equal to the square of the distance R to the point. 
That is, 

u=R(1+e) , 


where e, denotes, as does any ej used below, a quantity which approaches 
zero as R increases beyond limit. Since v and w remain finite, being 
always included in the range —a? to —c?, it follows that for points 
very far away from the origin 


For such points the potential is given by 


2 d 


and it is seen that 4 is regular at infinity. 
The constant a must now be chosen in accordance with the condi- 
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tion that the charge on the conductor is e. Since any body containing a 
charge e produces at a very large distance R a potential of the form 


e 
eTR (1+6) , 


it follows from the preceding equation that 


and therefore 
GY See du 


T Bx u V(at+u)(b?+u)(e+u) ' 


The surface density of charge on the ‘ellipsoid is given by 
-- (3) --( 22) CRUISE 
a Ón/ u=0 & du/u-o. Vow 4rV vw 
Now from equation (78) above, for u=0, 


vw T y? 2: 
(spa) na ina , 


and it follows that 


The equation of the plane tangent to the ellipsoid at the point ro, yo, Zo 
is 


$ y A 
Aab iha lo 


where X, Y, Z are running co-ordinates in the plane. After dividing 
through by the square root of the sum of the squares of the coefficients 
of X, Y, and Z, the right member is the distance D from the origin 
to the tangent plane. That is, 
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so that 


otida 
"Ram 


In other words, the surface density at any point on a charged ellipsoidal 
conductor is proportional to the perpendicular distance from the center 
of the ellipsoid to the plane tangent to the ellipsoid at the point. The 
charge is thus greater on the more sharply rounded ends farther away 
from the origin. 

If a=b and a be greater than c, the ellipsoid is an oblate spheroid, 
and i 


ES du 


oa | ee a 
87 J,, (?+u)V e--u 


tte tan, Joe 3 
Arv aàj—c +u 
Thus the potential to which a charge e raises an oblate spheroid of semi- 
axes a and c is 


€ a? e c 
P) 9 =—_ >= tan 5-1 =— = cos! - 
d 4vV/ a? — c e 4rV a? — c a’ 
and the capacity of the oblate spheroid is given by 


c inv P-e > 


zc 
COSS 
a 


If, on the other hand, a=b, and a be less than c, 
20. em S fetibus Wero 
8rV c? — o? Vetu-Ve—a’ 

€ cv e—a? 

Pc me^ 

SrV e—a? c— V e—a 

SrV/ci—à 
CHEV e—a 
c— y e-ga 
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A very thin circular disk corresponds to the values a=b, c=0. Then 


$—- tan 7, 


4ra Vu 
e 
($).-— oF ; 
Gs 805. 


The charge distribution on a cireular disk can be obtained most 
readily from the general expression above. If z be eliminated by means 
of the equation of the ellipsoid, the general expression is 


"praise SE tro patti. 
x2 e 1 We c? 
Arabi L3) AEA 


which, for c=0, gives 


ae E eS 
2 2^ 
Arab i -5,— 


Or, if a—b and 2?4-3?— r?, 
€ 
Lii FERE agr 
4raV/ a? —r? 


Since this density occurs on both sides of the ellipsoid, it is necessary, 
in the limit c—0, to double this value, so that, finally, 


e 
pa Ban E 
QraV a2—7r? 


A round rod corresponds to the values a=b, c>a. Then 
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terms of higher order than (a/c)? or u/c? being neglected in the last ex- 
pression. 

§ 30. Two-dimensional (Logarithmic) Potential—In many cases of 
practical importance the charged conductors, whose potentials are to be 
investigated, are long parallel cylinders. The distribution of charge on 
these conductors may be expected to be nearly uniform (as regards dis- 
placement along the cylinder) except near the ends. The value of the po- 
tential at a point P outside the conductors will be practically independ- 
ent of a translation of P parallel to the axes of the cylinders, as long as 
P lies in a region R near the middle portion of the conductors. In this 
region F the potential is thus effectively a function of but two variables. 
If a knowledge of the behavior of the potential in the region E is alone 
required, the problem may be simplified by restricting the consideration 
to this region, thus reducing the mathematical problem, from the begin- 
ning, to one of two dimensions. 

This approximate two-dimensional behavior of the problem is illus- 
trated by the case of a long prolate ellipsoid of revolution. The potential 
has just been found to be 


XD a 4c-4-u— a? 
a=) jog uta ’ 


where a is the radius of a cross-section of the ellipsoid, c is the half- 
length, and u is the ellipsoidal co-ordinate, determined for any point 
x, y, z by the equation 
T e 
etu era li 
where 


r=+y? . 


If the ellipsoid be very long, and if the consideration be restricted to 
a region R-near the center, then a/c, z/c, and u/c are all small. Since 
z/c is small, it follows that 


u-r-—a. 
On substituting this value for u, and neglecting squares of the small 


quantities, it is seen that the potential is approximately represented in 
the region R by the function 


€ 1 
$-— yom tog 7 log 2| j 
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or 


e 1 
EY log z + Constant A 


The perpendicular distance D from the center of the ellipsoid to a 
plane tangent to the ellipsoid is approximately equal to a=b if the 
point of tangency lies in the region R. Thus the surface charge in the 
region under consideration is given by 


zu it m 
7 4xabc Arac’ 


so that 


e 

e' =2ran= 26" 

where e' is the total charge per unit length. The approximate potential 
at any point in R can thus be written 


e de 
$-5- log "bas log 2c , 


and the potential of the ellipsoid itself is approximately 


/ / 
$= 5 log’ 1 +2 log 2c. 

This logarithmic law of variation of the potential in the region R 
may be directly obtained without knowledge of the potential of a long 
prolate ellipsoid if the assumption, discussed above, be made that the 
potential in R is sufficiently well represented by a function ® independ- 
ent of z. 

Laplace’s equation in cylindrical co-ordinates reduces, for the case 
of a function independent of both z and the angle 0, to 


1d 28) o 
rar\ dr] ° 


Then 
ae 
dusted 
=a logr+B, 
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where a and $6 are constants of integration. If the charge per unit 
length of the cylinder be e’, then, for r=a, 


s=- |3 dos aon aa 


=— 2ra , 


so that 
e! 1 
SG pe 


$31. Cylindrical Condenser.—A cylindrical condenser is formed of 
two co-axial conducting cylinders. Let the external radius of the smaller 
cylinder be ro, and the internal radius of the large cylinder be rı, and 
suppose that the condenser be provided at the ends with guard cylinders 
to eliminate end effects, 1.e., to extend the region R in which the po- 
tential is independent of z to include the total length of the cylinders 
under consideration. Then the potential at points between the two cylin- 
ders may be assumed to have radial symmetry so that, from the foregoing 
result, 


e 1 
=, log TB. 


Then the potentials @) and 4, of the inner and outer cylinders are given 
by 


e! 1 
b= log patih , 
cana 

=z; log RUP , 


and the capacity per unit length is 


where e' is the charge per unit length. 

$ 32. Capacity of a Wire to Earth.—Let ro be the radius of a long wire 
which is at distance b from a plane conductor, and suppose ro small as 
compared to b. Let e' be the charge per unit length of the wire, and 
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assume, as above, that the potential is independent of distance parallel to 
the wire. The potential due to the wire alone, at a distance r, is 


Up Eutr OR 
2r. 8 T A 


If r be large compared to ro, this expression is valid regardless of the 
distribution of the charge on the 
wire. Let the potential of the plane 
conductor (the earth) be zero. The 
charge induced on the plane con- 
ductor then nullifies, for points on the 
plane, the effect of the logarithmic 
variation of the potential due to the 
wire. It follows, asin the correspond- 
ing three-dimensional case, that the 
image method gives an immediate 
solution, the potential being. 


Fra. 33.—The electrostatic problem 
for a long wire of radius r, located b 
units above the surface of the earth, 

e! r’ and having a charge e’ per unit length 
> p» log — , of wire. 


where 7’ is the distance to the image wire. The potential of the wire is 
then 


PROBLEMS FOR PART II, CHAPTER II 


1. Find the potential due to an isolated spherical conductor whose total 
charge e is known, by solving the equation V^ —0 in spherical polar 
co-ordinates. 

2. The Newtonian potential due to a solid homogeneous sphere of volume 
density p satisfies Poisson's equation V^ — —p. Use the form this 
equation takes in spherical polar co-ordinates to find the Newtonian 
potential, at external points, due to such a sphere. Evaluate the con- 
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eO Oo 


stants of integration from a consideration of regularity at infinity, 
and from the fact that the expression for the potential must approach, 
for distant points, the form M /4rr, where M is the mass of the 
sphere. Obtain an expression for the potential at inside points, 
evaluating the constants by making use of the fact that the potential 
and its normal derivative are both continuous at the surface of the 
sphere. 


. Show that the induced surface density of charge on a plane, due to 


the presence of a charge e located a units from the plane, is 


us 
Dar’ 


where r is the distance to the point on the plane under consideration 
from the charge e. 


. Referring to the preceding problem, find the force on the charge ^ 


due to the induced surface charge. 


. Consider two very long cylindrical conductors, of radius a, placed 


parallel to one another, a distance c apart, and each a height b above 
the earth. Show that, if a be small compared to b and c, the ca- 
pacity, per unit length, between the two conductors, when they are 
equally but oppositely charged, is 


. Referring to the preceding problem, show that, when the two con- 


ductors are charged with the same sign, their capacity, per unit length, 
with the earth is 
4r 
S rA T wir . 
log 2bV c?--4b 
ac 


. By analytical methods, find the quantities es, e; and e; for polar 


co-ordinates in the plane, and for polar co-ordinates in space. 


. Derive an expression for the capacity of three condensers in series. 
. An infinite conductor occupies all of the region where x and y are 


not both positive. A charge e is located at the point z, y, 0 where 
z and y are both positive. What is the magnitude and direction of 
the force on the charge e? 


138 


Part III. DIELECTRICS 
INTRODUCTION 


In Part I of the present chapter the force on an interior charge was 
found to be E--P/34-fi--f? where the first two terms accounted for the 
charges outside a sphere of radius à, where fı was the constitutive force 
due to the charges of the few molecules immediately neighboring the 
point in question, and where f; was due to all other charges within the 
6 sphere. A conductor, it will be remembered, is defined as a body for 
which the characteristic constitutive force fı is always zero, so that if 
the other components of the total force do not vanish or cancel, move- 
ment of charge from atom to atom will result. A dielectric, on the other 
hand, is a body so constructed that attempted movements of charge are 
opposed. As soon as a charge shifts its position when acted on by an 
excess force, this shift produces an alteration in the constitutive force fi, 
and a.new balance is reached in a way analogous to the mechanical case 
of an elastic displacement. To lead to a definite quantitative relation 
upon which the analytical theory of dielectrics can be based, it is neces- 
sary to consider in detail the various forces which an interior charge ex- 
periences, both under normal circumstances (i.e., when the body is un- 
charged and unpolarized) and when the body is under the influence of 
other charges or charged bodies. It is first argued that, just as in the 
theory of a conductor, the force fa is always zero. It follows from this 
that the normal constitutive force f? is zero, the upper index indicating 
the value of the constitutive force when the body is uncharged and un- 
polarized. When a body is charged and polarized, an interior charge ex- 
periences a total force equal, since fz=0, to 


E+E +h=0 f 


Thus when a body is polarized, the shift of charge brings into play a non- 
vanishing constitutive force fı which, reversed, balances the force 
E--P/3 due to the charges outside the ó-sphere. The analytical theory 
of dielectrics is based upon the assumption that this constitutive force 
is proportional to the shift which gives rise to it, and hence proportional 
to P. It follows at once that E is proportional to P. With this pro- 
portionality as a basis, the electrostatic problem for dielectrics is quickly 
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and easily formulated in much the same way as was previously done for 
conductors. 

An example is given of the use of the image method when dielectrics 
are present, and two special cases are treated and illustrated by examples; 
namely, the case of the polarization of a body in an external field which 
is not appreciably affected by the polarization which it causes, and the 
case of a body which polarizes uniformly in a given field. 

§ 33. The Definition of a Dielectric: the Mathematical Formulation of 
the Electrostatic Problem for Dielectrics.—A conductor has been defined as 
a body whose atoms are so constructed and combined that electrons are 
free to pass from atom to atom. A dielectric, on the other hand, is a body 
whose atoms are so constructed and combined that the effective position 
of each electron remains near the normal position which it occupies when 
the body is not under the electrostatic influence of any other body. When 
acted on by a force in excess of the normal forces of constitution, an elec- 
tron is influenced in such a way that its effective position shifts slightly 
from its normal location, and assumes a new position where it is in stable 
equilibrium under all the forces now acting on it. 

In order to make a definite quantitative assumption upon which an 
analytical theory of dielectrics can be based, it is necessary to consider, 
as in a theory of conductors, the total force which an interior charge 
experiences. This total force may be written 


Ete tithe 


where the first two terms represent the force due to the charges outside a 
sphere of radius 6 and center at the charge in question; where fı is the 
constitutive force due to the charges of the few molecules immediately 
neighboring the point in question; and where f; is due to the remaining 
charges within the ó-sphere. 

Consider first the force fa. It is due to charges lying in a spherical 
shell of exterior radius ô and an interior radius which is a small multiple 
of the average distance between molecules. The charges lying in this 
spherical shell are located in a way which is sufficiently symmetrical, 
about the center, to give rise to continuous densities p and P which are 
(since they are constant within 6) perfectly symmetrical about the 
center of the 6-sphere. Now a perfectly symmetrical distribution of 
charges, located in this spherical shell, would produce a zero force at the 
center. It is reasonable to assume that a distribution of charges which 
gives rise to symmetrical functions p and P is itself so nearly symmetri- 
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cal as to permit the conclusion that the force fa is zero. It should be 
noted that this argument applies to the value of fa when the body is 
not charged or polarized, and also to the value of fa when the body is 
charged and polarized, just so long as the continuous densities p and P 
are sensibly constant over the 6-sphere.* This argument for the vanish- 
ng of f; is independent of the type of body (conductor or dielectric) 
under consideration. In the theory of the conductor, given in Part I of 
this chapter, the vanishing of f; was argued on the same grounds; the 
reasoning 1s repeated bere merely for the sake of completeness. 
Consider, now, an uncharged and unpolarized body in electrostatic 
equilibrium. The total force on each interior charge is, since E and P 


are Zero, 
N+N=0, 


where the upper indices are used to indicate the “normal” values of these 
forces, i.e., the values when the body is not under the electrostatic influ- 
ence of any other charges or charged bodies. Since, however, the force 
f? is always zero, it follows that the normal constitutive force f? is also 
Zero. » 

When this body is under the electrostatic influence of other charges 
or charged bodies, the force on an interior charge is. 


E+Sth=0, 


where the force f2=0 has been omrtted. Thus, in equilibrium, the force 
E--P/3, due to the charges outside the ó-sphere, is balanced by the re- 
versed constitutive force, — fi. 

The normal constitutive force has just been seen to be zero. When a 
dielectric is brought under the influence of other charges or charged 
bodies, the charges forming the dielectric in question move, and shift 
their effective position in such a way that a non-vanishing constitutive 
force fı is brought into play to balance the force E+P/3. The analyti- 
cal theory of dielectrics is based upon the assumption that the constitu- 
tive force fı which exists when the charges are in this shifted position 
is itself proportional to the shift, and hence proportional to the resulting 
polarization. If, then, fı is proportional to P, it follows that 


Fr 
heals 


*See footnote to § 18 and Part I, Problem 9, of this chapter. 
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is also proportional to P. Using (e—1) as the proportionality factor,* 
(79) P-(c—1)E, 


where «e is the so-called “dielectric constant" of the material. t 

Since the displacement of all charges is small, and since the body is 
supposed to be uncharged when in its normal unpolarized condition, it 
is evident that the volume cells Ar; may be chosen so that p;=0. It is 
therefore natural to say that such a body is uncharged but polarized, and 
to describe the potential due to it in terms of the volume density of polari- 
zation P as obtained by interpolation from the values 


Pi-pi/^ri , 


and in terms of a surface density of polarization &. That is, 


1 , , 1 , 1 £ , 1 i 
(80) si f (P V 3L «ft v de ; 


Now (80) may be written (see equation [44]), 


Ll. diva PAL AED eee | saps sl alte 


This equation is exactly similar to the one studied in § 21, except that 
—div’ P" and P; now play the rôles previously played by p’ and 7’. It 
therefore follows from (68) thatt 


div E=—divP, 
or 


(82) div (E+P)=0. 


* This relationship holds for an isotropic body. For an anisotropic body each com- 
ponent of P is assumed to be a linear function of the components of E. See, e.g. 
Livens, The Theory of Electricity (1926), art. 79. 

1 The dielectric constant e is also sometimes called the "specific inductive ca- 
pacity.” There is, in fact, some objection to calling e a “constant” since, in general, 
its value for a given body depends upon frequency. This consideration does not, of 
course, enter into electrostatics. 

I Equation (68) states, in fact, that div E at z,y,z is equal to the value of 
—div’ P’ at z'—z, y'-y,z' =z, i.e., the value of —div P, where P is the same func- 
tion of x,y,z as is P’ of z',y'.z'. 
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On account of the linear relation between P and E, this last equation 
reduces to the form 
dive E=0. 


For a homogeneous substance, moreover, the dielectric constant e has 
the same value at all points of the body, so that 


dive E=e div E, 


and it follows that the potential due to a dielectric satisfies, at all points, 
the partial differential equation 


div P= —div E= V =0. 


It should be especially noted that, in the čase of an ideal dielectric, the di- 
vergence of the polarization vanishes. N 

Further conditions on ® and its derivatives may be obtained by 
modifying those previously found for the potential due to a conductor, 
by replacing n by the function which now plays the rôle previously 
played by n. Thus suppose that two dielectrics, 1 and 2, are in contact 
along the surface S. The potential due to these two dielectrics may then 
be written, as in (81), in terms of the volume integral of —div P and in 
terms of the surface integrals of the normal component of P. On the 
surface S, the function 


"d (PE P) 


plays the rôle previously played by 7, the negative sign resulting from 
the fact that nı and n; point into the regions 1 and 2, while P,, for 
either dielectric, is the component of P along the normal exterior to that 
dielectric. Thus the previous equation 


Om m 
becomes, in the present case, 
of , 9^ 
an, dni nit! , 
or 
(83) | iniu Miri 
(E+P)n,+(E+P) a, =0 , 
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where, according to the usual convention, (H+ P),n, means the limit, 
as the surface is approached from. the side 1, of the component of E+P 
along the normal directed into 1. From the linear relation between E 


and P this last equation becomes 
& E, T eE,, =0 3 


or 


oP 9^ 
(84) €1 anh tan, , 


where e; and e are the dielectric constants of substances I and 2, re- 
spectively. From equation (79) it is clear that empty space may be re- 


m 
an, 
ZEEE 


Fig. 34.—The boundary between two regions 


garded as a dielectric whose dielectric constant has the value unity. 
Hence this last equation may be written in the form 


(85) oe ee ye 


for application to the surface between a dielectric and space. 

The behavior of the normal derivative of ® at the boundary be- 
tween a conductor and a dielectric can be obtained in a manner similar 
to that used above. Indeed, if both conductors and dielectrics are pres- 
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ent the potential is given by the gencral expression (41), which, by (44), 
can be written 


a (= div" Pj, 1 Efer a f (ew Nar, 
T (i 


where n is a normal exterior to the dielectric. It therefore follows from 
the analytical study of $ 22 that 


om , 0^ 
On Ong 


=a Pan , 
or if 1 is a conductor and 2 is a dielectric, 
-En ~En -P. 2 — 9 , 
(E-LEX, sexum 


since E is zero in the conductor, and since P,, and P,, are components 
along oppositely directed normals. Thus, 


(E)n =n D 
or 
DER A 
ur ri Re 


where n is, of course, a normal exterior to the conductor. Equation (75) 
is therefore replaced, when the conductor is surrounded by a dielectric, 
by the equation 


odo 
(86) Se ie, 


where n, now, is measured along the normal exterior to the conductor, 
and where the subscript can be dropped from the n without confusion, 
since at the surface of the conductor only one of the normal derivatives 
of is different from zero. This more general condition to be applied 
to the surface of a conductor includes the previous condition, as is seen 
at once by giving e the value characteristic of free space. 

The foregoing discussion gives rise to the following schedule of con- 
ditions on the potential ©, in which, for completeness, the conditions 
which apply to conductors are also given. These conditions constitute 
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the mathematical formulation of the electrostatic problem when both 
conductors and dielectrics are present. 


a) V*$—0 at all points in free space and at all points within 
conductors or dielectrics; 


| b) $ is continuous everywhere except across surfaces where 
#0 (across such surfaces $;—4,— 4); 


c) Across a surface between two dielectrics 


d) Across a surface between a conductor and a dielectric 
(II) 


e) On the surface of a conductor: 


i) ® is à known constant 9; or 
ii) $ is an unknown constant, and 


o 
fe a de — —6; ; 


f) 9 is regular at infinity. 
The proof of the uniqueness of the solution when dielectrics are present 
is left to the reader (see Part III, Problem 30, of this chapter). 

On the basis of the uniqueness theorem, the following theorem can 
easily be established: Given a configuration of conductors C; of total 
charges e;. If the potential at any point, when these conductors are 
located in empty space, is ®, then the potential when these same con- 
ductors are located in a medium of dielectric constant e is $/e. For, 
in the first instance, the conditions on ® are 


V? — 0 all points, 
$ — Constant on each conductor, 
$ is regular at oo, 


odo 
{2 do = Oe 
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In the second case only the last condition is changed. It is, in fact, 
replaced by À 
Ob 
f: on de — —ei, 


and the theorem stated is obviously true. 
Thus the potential due to a conducting sphere of total charge e lo- 
cated in a medium of dielectric constant e is 


fg € 
Arre ` 


It is instructive to interpret this expression in terms of the actual 
charges present. From symmetry, the charge e on the sphere would be 
uniformly spread on its surface. The dielectric medium will be polarized 
according to the equation 

e EA 
hom orks W Agr? ES : 


since the total electrostatic intensity at any point is that due to the 
charge e and that due to the uniform surface density P, on the internal 
bounding surface of the dielectric. When r=a, P,=—P,, so that 


—P,-(e— wipe: gif li 
or 
e 4ra?’ 
and the electrostatic intensity at any point is 


€ Ana? (c—1)e 
HE PS "Am? Arr? e 4r di! 


£1 alemi 65:4 
4m? €e 4m? Amr 


Thus the intensity e/4-r? due to the charge e is reduced by the 
negative surface charge on the internal bounding surface of the dielectric, 
the part subtracted being just enough to reduce the total intensity to the 
value e/4zr?e. A similar compensation operates in the general case, as 
the foregoing theorem shows. 
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$34. The Image Method for Dielectrics —The image method, which 
has been seen to furnish solutions of electrostatic problems involving 
conductors, may a]so be used when dielectrics are present. A simple case 
will illustrate the way in which the method is applied. Consider, for ex- 
ample, a charge e located a distance a from the plane surface of a di- 
electric whose dimensions are so great that, for purposes of analysis, it 
may be considered as occupying all of space to the right of the plane 
which coincides with the plane face in question. Since div P is zero, the 
potential due to the dielectric has the form 


iei (7 da’ , 


the integral being extended over the plane face. It is clear from the sym- 
metry of this expression that if the 
potential due to the dielectric can, 
at outside points, be duplicated by 
an image charge e' within the di- 
electric and at a distance x from 
the plane face, then the potential 
due to the dielectric can, at inside 
points, be duplicated by a similar 
and similarly located image charge 
outside the dielectric. Thus for 
points P, in free space 


ERRE: 
Fic. 35.—A charge e located a units (87) irta "+5 , 
from the plane surface of an infinite di- 


electric. The figure, for clarity, shows E ' 
the distances a and x as different, al- where r and r' are the distances 


though they are actually equal. from P, to e and to the image 
charge e’ which is located a dis- 
tance x within the dielectric; while for points P; in the dielectric 


(88) i Arbo E^, 


where r” is the distance from P» to the charge e' outside the dielectric. 
It is evident that each of these expressions satifies the equation Vb — 0, 
and is regular at infinity; and that the potential, as given by these two 
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expressions, is continuous across the boundary of the dielectrics. It re- 
mains to satisfy the condition 


oË PES 
€i me ie 


which, in this case, may be written 


oP oo 

ares 
or 

En, + En, =0 


Now, from (87) it follows that E,, at a point whose distance, along the 
surface of the dielectric, from the foot of the perpendicular through e, is 
6, is given by 
Boeke cos (r dou cos (r',n) EH ML PEELE 
M Aga r2 "|ar| EF FEA] * 


Likewise, from (88) 


1 ae e'z 
Es, EJ d | (d Syat ced , 


so that the foregoing condition becomes 
e(e—1) (a arpa? (e- 1) (x ely =0, 


which must. hold identically in 6. Henge, comparing coefficients of like 
powers of ô, 


z-aG, 


Jn ved 


rome 


'The image charge is thus located at the same distance from the dielectric 
asis the charge e, and the magnitude of the image charge depends upon 
the dielectrie constant of the material. It may be noted that as e in- 
creases without limit the solution of the corresponding problem involving 
an infinite conductor is approached. 
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$35. The Polarization of a Dielectric in a Given External Field.— 
The problem of determining the polarization of a dielectric and the po- 
tential due to a dielectric is, in general, a complicated one; but it is con- 
siderably simplified providing the dielectric in question is far enough 
from all other bodies so that changes in its polarization do not sensibly 
affect the configuration of charges on these other bodies, i.e., provided 
E*, the intensity due to everything except the dielectric in question, may 
be regarded as unaffected by the presence of the dielectric. Then 


P=(e—1)E 


may be written 
P=(e—1) [E*—- VU], 


where U is the potential due to the dielectric alone. If U can be deter- 
mined, P may be obtained from this last equation. The potential U 
must satisfy the conditions 


a) VU=0, 


b) U is continuous,* 


o (E) - (55) eve, 


d) U is regular at infinity. 


Condition (c) is obtained from the relation 


€ En ES -0, 
where region 1 is the dielectric and region 2 is the surrounding space. 
Then 
aU ðU 
En = Eman = S EE (5). ? 
ðU ðU 
ea L 00 de 


where n is measured in the direction of an exterior normal to the dielec- 
tric, and where the subscript 7 indicates the limiting value of the deriva- 
tive as the surface is approached from inside. Similarly, the subscript 
0 indicates a limiting outside value. If these expressions be substituted 
in (ID, (c) of $ 33, condition (c) is obtained. 

* [t is assumed here that there is no superficial polarized layer. 
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That the solution of these conditions is unique follows at once from 
the more general proof for the schedule (II) of § 33. 

To illustrate the use of these equations the solution will be obtained 
for the case of a dielectric sphere of radius a, placed in a uniform ex- 
ternal field E?. Choosing spherical co-ordinates with the line 6=0 in 
the direction of E°, it is clear from symmetry that the potential U is 
independent of e. The general equation V*U —0 therefore reduces to 
the form 


ð (sin 0 a) 
(89) 02(rU) 1 ə) _ 
occur EY) 0. 


It is necessary to obtain two special solutions U; and Uo of this 
equation (to be used for the potential inside and outside the sphere, re- 
spectively) which satisfy the conditions 


U;=Uo 
QUA. (GU V» M mew. atr-a, 
«(3 (= ) = 1) E® cos 0 


U is regular at infinity. 


If it be assumed that U is the product of a function of r. alone and a 
function of 0 alone, the following solution of (89) is readily obtained :* 


> 
n-—n 
Cn 


U= Dy (born s) Ps eos 0), 


n=0 


where n is a positive integer, where b, and c, are arbitrary constants, 
and where P, (cos 0) are the surface zonal harmonies or Legendre poly- 
nomials previously referred to in $ 5. 

It is clearly not possible to use a negative exponent for r at points 
within the sphere, since this would give rise to an infinite value of U; 
and it is also clear that a positive exponent for r cannot be used at out- 
side points, since this would interfere with the regularity at infinity. The 
fact that only the first power of cos 0 enters the boundary conditions 
leads one to attempt to satisfy the conditions by the use of 


P, (cos 0) zcos 0 


* See, e.g., Byerly, Fourier Series and Spherical Harmonics, arts. 74-77. 
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alone. These remarks suggest the particular solutions 


U;=br cos 6, 
c cos 6 
Uo dele 


which will now be tested to determine whether the constants b and c ean be 
given such values as to make these solutions of (89) conform to all the 
eonditions of the problem. The continuity of U across the surface of 
the sphere demands that 


c 
ba cos rer cos 6, 


or 
c 
b=, 
so that 
ba? cos 6 
Uo r2 . 
Thus 


(=) = —2b cos 6, 
Or / r=a 


so that, to satisfy the remaining condition, one must have 


eb cos 04-2b cos 6— (e—1)E? cos 6 , 


Or 
e—1 
= 0 
b E E. 
All of the requirements of the problem are thus met by the functions 
e—1 
-— e+2 
or 
U;= = BETE 
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where x=r cos 0, and 


e—1 a? à 
anre ; E° cos 0. 


U= 


The potential at outside points is of the same type as that due to a doub- 
let. 

The state of polarization of the sphere can now be determined from 
the equation 


P=(e—1)E= (-1)(E- 92) 


p= «-»|p- (53)e]- se) B, 


so that the polarization of the sphere is seen to be uniform. 
If the intensity at points within the sphere be written in the form 


Thus 


E=E-LP, 


it is easily checked from the foregoing expressions that L, which is known 

as the “depolarizing factor,” has the value 1/3. The significance of the 

name is evident from the fact that the field due to the polarization is such 

as to weaken the total field, and hence such as to weaken the polarization 

itself. | 
§ 36. The Potential Due to a. Uniformly Polarized Dielectric.—It has | 

just been seen that a dielectric sphere is uniformly polarized by a constant 

external field. It is sometimes possible to determine the polarization of a 

dielectric in a constant external field and the potential U due to the 

dielectric by assuming that it is uniformly polarized, and then showing 

that the potential U which results from this assumption satisfies all the 

conditions of the problem. Since div P=0 for an ideal dielectric, the po- 

tential U can be written | 


Pdo’ 


z r 


(90) U= 


A function U determined from this equation satisfies V?U =0, is con- 
tinuous, and is regular at infinity; its derivatives, moreover, satisfy the 
relation 


en Cn] o "P | 
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where n is the exterior normal to the dielectric. If P also satisfies the 
relation 


(92) P=(e—1)(E°—VU) , 


so that 


equation (91) becomes 
ou; ak a Em 
(93) (Fe). ( o) =(e= DEL. 


That is, if a function U is obtained from (90) under the assumption 
that P is a constant, this function U satisfies all the necessary condi- 
tions provided the constant value of P be determined from (92). Whether 
a constant value of P can be determined from (92) clearly depends upon 
whether VU is a constant. Thus if the assumption of a constant P 
leads, by (90), toa U whose rate of change in any direction is constant 
at points within the dielectrie, the constant value of P can be deter- 
mined from (92), and all the conditions of the problem are satisfied. 

If P is a constant, equation (90) can be written in a more useful 
form. Indeed, this surface integral is equal, since div P —0, to the vol- 


ume integral 
SH crab MPG 
u= { (rx 2 dr’, 


yi 
Eg T I 
ttal dr , 


where h is measured in the direction of P, and where the prime on the 
symbol of differentiation indieates that the variable end of r has co- 
ordinates x’, y’, z’. This equation can then be re-written in the form 


g= 
P E IE C E T dr’ 
Me uv--F fu a. biu. (Py s 
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where the end of r whose co-ordinates are x, y, 2 is now variable. The 
potential due to a uniformly polarized dielectric can thus be expressed 
in terms of the constant polarization vector and the Newtonian potential 
function due to the body. This form is useful since the Newtonian po- 
tential function is known for many geometrical forms, and it may be 
easily tested whether or not the assumption of a constant P leads to a 
U whose rate of change is constant. 

This method would clearly be successful in the case of a sphere. It 
is also successful in the case of an ellipsoid. For an ellipsoid of semi-axes 
a, b, and c, for example, the Newtonian potential function for interior 
points is given by* 


d z dr’ N G fe pa 1 2 2 2 
or nsu Constant 2 [Lz*g-My?4-N27] , 
where M and N are obtained from 


rea Le c rede 
2 Jo (@+u)V (a?+u)(b?+u)(e+u) 


by cyclic permutation of the letters a, b, c. Then 


I d (Pv Á f 7-)-e, iLa-+jMy+kNz)=2LP,+yMP,+2NP., 


so that 
—VU=—(iLP,+jMP,+RNP,) 


is indeed constant if P is constant. The components of the polarization, 
are then given, from (92), as 


P,=(e—1)(EL—LP.) , 

P,=(e—1)(E, — MP) D 

P,-(e—1)(E2—NP.). 
Since the factors which multiply (e— 1) in these equations are the com- 
ponents of the total field, it is clear that the three constants L, M, and 


- * See, e.g., A. G. Webster, The Dynamics of Particles, etc., p. 418. 
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N are the depolarization factors for the three components of the polariza- 
tion. If these equations are solved for the components of the polarization, 
the results are 


Posti: 
z"' 1 D] 
Si bbs: 
+ e—1 
Ep 
Je V a T 1 ) 
MES 
s e—1 
Fig. 36.— The polarization of an ellip- [o Be P 
soidal dielectric in a uniform external ur ME T 
field E°. Wi 


As an example of the use of these equations, consider an ellipsoid of 
revolution for which b=c, the E? vector lying in the x-y plane. Then 


E$-E?cos6, 
E?-—E?sin6, 
E220. 

These values give, upon substitution, 


. E" cos 0 


P. 


so that (see Fig. 36) 


tan yop tan 0. 


If b<a, then tan y is less than tan 6, i.e., the ellipsoid tends to polar- 
ize along its major axis. 
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§ 37. The Mutual Electrostatic Energy of a System of Conductors and 
Dielectrics —An expression has been formed, in an earlier chapter, for 
the mutual electrostatic energy of a set of charges. An analogous expres- 
sion will now be obtained for the energy necessary to form a configura- 
tion of conductors and dielectrics, starting from a condition of infinite 
separation of the various bodies involved, and with each conductor al- 
ready charged with the same total charge which it has in the final con- 
figuration. 

This energy is clearly equal to the work done by the electrostatic 
forces when the bodies recede, from their given configuration, to posi- 
tions of infinite mutual separation. Let all the bodies except one, say 
body Aj, remain fixed, and let A; move to an infinitely distant position. 
The work done by the electrostatic forces when A, moves off is inde- 
pendent of the path on which it moves, so long as its final state is, 
in any instance, non-rotating and “‘isolated.’”’? The theorem of conserva- 
tion of energy would, in fact, be violated if it were possible to move this 
body off along two paths with different total work to positions which are 
indistinguishable. It is thus simplest to let A; move with pure transla- 
tion on a straight line. Since all other bodies under consideration remain 
fixed while A; moves off, one can think of them for the moment as form- 
ing a single other body A!. That is, A! consists of all the bodies pres- 
ent except A;. Choose a point P! fixed in A!, and a point P, fixed in 
A. Join them by a straight line. Mark a point O on this line between 
P! and P,, and let s, measure distance from O to Pı, while s! meas- 
ures distance from O to P'. Now let A; move a distance ds,. The 
charge do, located on a surface element do, of A; experiences a force, 
due to A!, equal to | 

d! 


— — mdo 
ds; Hasc 


where ©! is the potential at de; due to A. That is, 


qp (5. E - 

ds; 4m a? ds; gt 
Thus the work dW, done by A! on A; during this displacement is 
given by 


qi 
r 
tram do | v, f oP E dt don. 
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This work is clearly also equal to the work A; would do on A! if A! 
were to be displaced a distance ds!—ds;; and hence dW, is equal to the 
half-sum of these two equivalent expressions. That is, 


4rdW,- — 2 Ten E ~ do! Leu fo eds "hs 7 dodo . 


Now the quantity 


has the value zero, since, in the double summation involved, the term 
nn cos 0 de do/r? for two surface elements is canceled by the term 


nn cos (7 —6)de de /r* 


for these same two elements with interchanged róles. The angles 0 and 
T —Ó are, in each instance, between the direction of s and the direction 
from the fixed surface element to the variable surface element. If this 
last written quantity and an analogous integral over A! be added to the 
expression for dW;, then the work which A! does on A, during the 
displacement ds; can be written in the symmetrical form 


tra e - 5 f nf, n= dodo" 
AAT JA FA s 


In the foregoing expressions only surface integrals are used, even 
though dielectrics be present, since the latter may be considered bodies 
of volume density —div P—0 and surface density Pa. : 

Now the rate of change of W, with respect to sı is not expressed, 
through the foregoing formula, as the total derivative of some quantity 
with respect to sı. In fact, as A; moves off, the surface densities 7 
change continuously, having at any stage of the separation the electro- 
static values characteristic of that instantaneous configuration. Hence 
the total work cannot be calculated from the foregoing expression without 
a knowledge of the 7 asfunctions of sı. It is possible, however, to trans- 
form the foregoing expression into one which (when both sides are di- 
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vided by ds;) is a total derivative with respect to s, and which may 
thus be integrated directly. In fact, if 


1 
=— Ndo 
4r A +AT 


is the total potential at any point, then 
1 2d f ntes aes Tes ei E do do+ a f^ idees Lip da 
1 dn fn 
ET PUE do do , 


all integrals being extended over all bodies present. The last two inte- 
grals on the right have the same value, as is obvious if one views each as 
the limit of a double sum. Hence, replacing these two integrals by twice 


the latter, 
QU PE Tu. do+ ie bd 
24s) 1 = SS Jae, SO 


dw 
aia We nbdo+ | — » ddo 


Thus, 


Now ® is a constant over the surface of each conductor, and the 
total charge of each conductor remains constant, so that, over the surface 
of any conductor, 


Hence that portion of the second term of dW,/ds; which is due to con- 
ductors vanishes. Furthermore, for a dielectric, 


1d _ (an 
2 Af nas f do . 


In fact, since »=P, and div P=0, 
[ndo = [P bdo = | (P, V®)dr . 
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But in a dielectric P= —(e—1)V®, so that 


d 1 d 2 dP 
à [voe Jf (Pac - ds, , P)dr, 


25 [ub sy (he Aes | dm 
-2 | SOLE: ddo=2 | F; Sdo. 


The second term iñ dW,/ds, therefore disappears, the terms for conduc- 
tors vanishing of themselves, and the terms for dielectrics canceling 
against the corresponding contributions to the first term. There remains, 
therefore, only the expression 


dW, 1d 
ds, m2 dsı 


ndo , 


where the integral is extended over the surfaces of conductors only; or, 
since ® is constant over each conductor, and since the surface integral 
of n gives the total charge on each conductor, 


dW, irg 
VELJ cia, ds, Zd;je; , 

the sum extending over all the conductors. The work done when Ai; 
moves from an initial position s=s to a final position s=oo is, then, 
to be found by integrating the foregoing value for dW,/ds, between the 


given limits. Thus, 
1 1 ; 


Wi-5 2ePi-5 zeP,; , 

where the index 7 runs over all integral values from 1 to n, the num- 
ber of conductors initially present; and where 6; is the potential of the 
ith conductor after body A; has been moved off. One of the bodies, 
namely A,, having been removed from the original configuration, one 
may now move another, say A», out along a straight line, and calculate 
the work W; done on A». In this way the bodies may be removed one 
at a time, and the total work 


W=W,+Wot+t oho "es 


calculated. It somewhat simplifies the calculation of W to suppose that 
the n conductors are removed first. Then 


W=WitWot ow ak +W, LI 
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In fact, the foregoing expression for the work done in removing one body 
from the configuration shows that if there are no conductors in the con- 
figuration this work is zero. If the expression for dW;/ds; be integrated 
between two arbitrary values of s,, the result, if there are no conductors 
present in the configuration, is also zero; which proves that the force on a 
dielectric, due to a configuration of dielectrics only, is.zero. Thus if there 
are no conductors present the dielectrics will be unpolarized, and will not 
react on each other. 
If, as is assumed, body A, is a conductor, then one may write 


n 


Ze, = Da eit +e? , 


1-2 


where 4? is the potential to which the charge e, raises the isolated con- 
ductor A,. The remaining dielectrics and n—1 conductors now form a 
new configuration, for which 4; gives the initial potentials of the con- 
ductors. Thus, as above, 


ix p is S 
Wea, oa} So catt, 
1-—2 1-3 


where ®; are the potentials of the remaining n—2 conductors after A; 
and A» have been moved off, and 9 is the potential to which the charge 
e, raises the isolated conductor A». Thus, by addition, 


(95) W-i Zed-; Zed, 


where 4? is the potential of conductor 7, when isolated, due to its own 
charge e; and 4; is the potential of conductor 7 in the final configura- 
tion. 

In the expression just obtained, the value of W appears as a discrete 
sum, there being one term for each conductor. It is possible to transform 
the expression so that W be given by a volume integral extended over all 
the space not occupied by conductors. In fact, since 


ei— IE , 
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where e is the dielectric constant (unity for empty space) of the medium 
surrounding the ith conductor, it follows that 


Wo x | etede=—3 f iv e EdT , 
2 2Jr 


the last integral being extended throughout all the space T not occupied 
by conductors, The negative sign arises from the fact that the exterior 
normal of the region T is an interior normal to a conductor, while E, is 
the component of E along the normal exterior to the conductor. More- 
over, 


div (e@E) = div E+ (V, E) 


= — ef? , 
since div e£ =e div E=0, and V@= — E. 
Thus 
(96) W-i ILS 


In the classical electromagnetic theory of Maxwell, this equation is 
regarded as especially significant since it has suggested the hypothesis that 
the energy W is distributed throughout T with volume density eH?/2. 
The energy of the configuration here appears as a volume integral, and 
it is therefore clearly compatible with this equation to assume that the 
electrostatic energy of the configuration is distributed throughout the 
space T. Such a statement, however, involves the assumption that 
electrostatic energy is, in its nature, something which can be spatially 
distributed. And it is hardly necessary to point out that while the fore- 
going equation can suggest such a hypothesis, it in no way demands it. 
The hypothesis of a spatially distributed electrostatic energy of volume 
density €E?/2 has, however, played a large rôle in the development of 
electromagnetic theory. Applications of this hypothesis will appear in 
later chapters. 


PROBLEMS FOR Part III, CHAPTER II 


1. Let e be the measure of a given charge in the units used in this 
book; let esu. be the measure of the same charge in electrostatic 
units, and e, be the measure of this charge in Coulombs. Show that 


e=V 4r GM = V/Av 3-10? (Se 
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. Let $, esu, and &, be the measures in the units here used, in 
electrostatic units, and in volts, respectively, of the potential due to 
a given configuration of charge. Show that 


1 1 
P=—— P, su =—_—_— d 
Vår 300V 4r 


. In electrostatic units, the relation between intensity and polarization 
is 
2s ipa A 1) E 


P, su. F år e.s.u. * 
Find the relation between E and E,,,, and between P and 
P,» and hence show that the numerical measure of a dielectric 
constant is the same in the two systenis. 
. What differential equation does 9 satisfy in a dielectric where e is 
not a constant, but is a specified function of the co-ordinates? 
. A spherical conductor, with a charge e, is surrounded by a shell of 
dielectric, of external radius a, and dielectric constant e. Show that, 
at points in free space, 

e 
Seed 


while at points within the dielectric, 


p= e x 


Arer a 
. The two plates of a large parallel plate condenser are a distance d 
apart. Between them are two slabs of dielectric, one of thickness d/2 
and dielectric constant e, the other of thickness d/2 and dielectric 
constant e. One plate of the condenser has a charge density +n, 
and the other —7. Obtain expressions for the potential at points 
within both dielectrics. Show that the capacity of the condenser, per 
unit area, is 
2e€ 
d(a+e) : 


and that the charge density on the face between the two dielectrics is 


€2— 61 


€1€2 
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13. 


14. 


15. 
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It can be shown (see Poincaré, Théorie du Potentiel N ewtonien [1899], 
p. 111) that the tangential derivatives of the potential are continuous 
when an attracting surface is pierced. Use this fact, and knowledge 
concerning the behavior of the normal derivatives, to show how the 
direction of the E vector is refracted upon passing from one dielec- 
tric to another. 


. À charge e is distant b units from the plane face of an infinite di- 


electrie. Show that the induced surface density of charge on the 
face of the dielectric is equal to 
eb 1—e 


uo Ite’ 


where p is the distance to the point in question from e. 


. Referring to the preceding problem, what is the force on the 


charge e? 
Use the method of § 36 to find the polarization of a spherical dielec- 
tric when placed in a uniform field. 


. A sphere, of dielectric constant e, is located in an infinite medium 


of dielectric constant e. Find the polarization of the sphere due to 
a constant and uniform field Eo. 

A dielectric sphere is polarized by the action of a point charge e lo- 
cated b units from the center of the sphere. Find the state of polari- 
zation of the sphere. 

Find the state of polarization of an infinite dielectric cylinder, placed 
in à constant and uniform field E? which is normal to the axis of 
the cylinder. Use the method of § 35, and the method of $ 36. What 
is the depolarizing factor for a cylinder? 

An infinite row of doublets, equally spaced a distance a apart, are 
polarized by their mutual action and by a uniform field normal to 
the row. What is the polarization of each doublet? 

Show that the torque on an ellipsoidal dielectric in a uniform field is 


T= abdP, E*]. 
Show that for an ellipsoid of revolution (b=c), pelarized by a con- 
stant and uniform field Z° which lies in the x-y plane (see Fig. 36), 
that T, is a maximum when 0 —45*. 
A doublet has a fixed polarization P which makes an angle @ with 
the line joining this doublet and a glass sphere of radius a. What is 
the magnitude and direction of the force on the sphere? 
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The region z negative is filled with a dielectric «e, while the region 
x positive is filled with a dielectric e. At the point x= —a, y=z=0, 
there is located a small conducting sphere of charge e. What is the 
potential at every point, and what is the charge density on the in- 
terface between the two dielectrics? For what limiting ratio of &/e 
does the region x positive act like a conductor? 

Prove by Gauss’s theorem that ® cannot have a maximum or mini- 
mum at any point unless this point is occupied by charge. 

If F(z)=filx,y)+7fo(x,y) is any analytic function of the complex 
variable z=x+iy, show that fi(z,y) and fo(x,y) are solutions of 
V?f—0. This fact is the basis of the method of conjugate functions, 
which is useful when only two dimensions are involved. The student 
should consult a standard text, such as Webster or Jeans, for a de- 
tailed discussion of this method. i 

Show that 


C —47C,. v. = 47:9-:10:C,, ,. , 


where C, Cesu, and Cms. are the measures of a capacity in the 
units here used, in electrostatic units, and in microfarads. 

What is the radius of a conducting sphere whose capacity is 1 micro- 
farad? 

By the use of the symmetrical form of Green's theorem, prove the 
following theorem, which is also due to Green: If charges e, e .. .., 
on conductors 1, 2,...., raise them to potentials i, Be,...., 
and charges ej, €,...., raise them to potentials &j, $, ..... ; 
then 


Le’, = Eed; . 


Show, as a special case of the preceding theorem, that the potential 
to which conductor 1 is raised when unit charge is placed on con- 
ductor 2, the other conductors present being uncharged, is equal to 
the potential to which conductor 2 is raised when unit charge is 
placed on 1, the rest remaining uncharged. 

A conductor in the form of a prolate ellipsoid or revolution for which 
a=b=5 cm., c=10 cm., is charged with 1 Coulomb of electricity. 
To what potential (measured in volts) is it raised? 

Why is the direction of E, just outside a conductor, normal to the 
surface of the conductor? 

If u is a scalar function which satisfies V?u=0 at all points except 
on certain surfaces of discontinuity S, and which vanishes at infin- 
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28. 


29. 


30. 
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ity as 1/r, and which is continuous as the surfaces S are crossed; 
and if A is a vector which vanished at infinity as 1/r?, and whose 
normal component is continuous as the surfaces S are crossed, show 
that 


f (Vu, A)dr , 


extended over all space, is zero. Under what circumstances would & 
and «E satisfy the conditions on u and A? Interpret the vanishing 
of the integral in this case. 

A conducting sphere of radius a is placed in a constant and uniform 
field E. If the total charge on the sphere be zero, what is the in- 
duced density of charge at points on the surface of the sphere? Show 
that the polarization $ of the sphere, considered as one complex, 
is 4rà?E. Hence show that 


mE E 
Pe.s.u.=4 E y 


A rigid molecule of fixed and inherent polarization p is located in a 
field whose potential is #. The potential energy of the molecule is 
then (p, Vb) 2 pE cos 0, where 0 is the angle between p and E. In 
a gas composed of such molecules, the number of molecules whose 
polarization makes an angle with the field lying within a solid angle 
dw about the direction specified by 0 is then, by the Maxwell- 
Boltzman law, proportional to 


where T is the absolute temperature and k=1.37-10—'§ erg. Show 
that the mean value of the component of the polarization parallel 
to the field is 


p| coth 85 ; 


where 


Prove that only one function 4 satisfies the conditions (II) of § 33. 
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Consider a body which has densities p/5;P'. The potential due to 
it may be written 


aal hup ocidiv^ Pts dur aesti sus 
eee eet, dr MEE os 


Show that the calculation which produced equation (68) of § 21 re- 
sults, when applied to the present equation, in the relations 


V? = —div E=—p+divP, 
div (E+P)=p. 
The vector cE— E--P was denoted, by Maxwell, by the letter D 
and called the “electric induction." Show that the boundary rela- 
tions on the surface between the two media can be phrased as follows: 


a) The normal component of D is continuous. 
b) The tangential component of E is continuous. 
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CONCLUSION TO CHAPTER II 


The definitions of conductors and dielectrics, and the treatment of 
the force on an interior charge which precedes and makes possible these 
definitions, may seem unnecessarily detailed and cumbersome. The 
authors would cheerfully scrap such computations and discussions if 
they could find a shorter, reasonably logical way to proceed. The con- 
tinuous densities p, P, etc., were defined, in this chapter, so as to furnish 
a convenient method of approximating the potential due to distant com- 
plexes of charge. The value of the function 


1 dr 
sed ft 


can, since the resulting improper integral is convergent, be ealculated at 
points of the region where p differs from zero; but it is perfectly clear 
from the original meaning of p that at such points these values have no 
immediate physical significance. However, in considering the total force 
on an interior charge (as a necessary step in solving the problem of dis- 
tribution of charge), assumptions concerning the nature of the force due 
to very near charges have led to relationships between the total force and 
the nabla of the foregoing function &. The region of physical usefulness 
of this function has thus been extended beyond what was immediately 
anticipated at the time p was defined. One can conceive of an “interior 
potential" function of a quite different sort, which would take into ac- 
count the actual effective position of each charge, and whose difference 
at two interior points would accordingly measure directly the work 
necessary to move a charge from one to the other of the points. Such a 
potential would fluctuate widely from point to point, would necessitate 
a knowledge of the action of charges at small distances, and would clearly 
necessitate the use of far more precise approximations than those used in 
defining p. The gap between the rather roughly macroscopic potential 
$ defined in terms of the continuous smoothed over p, and the definitely 
microscopie quantity, the force on an interior charge, is bridged by means 
of the assumptions concerning the constitutive force characteristic of 
various types of bodies. 

The authors have not felt it practicable or necessary to include much 
of the standard classical theory of systems of conductors, nor any except 
the most simple and fundamental of the special methods of solution. 
The standard texts contain a great fund of such analytical material 
which there is no need to duplicate. 
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CHAPTER III 
MAGNETOSTATICS 


ils rio d » y pO A is f 
E ON E ii rw I 
i (x y: 
SURTE. x ^ i a 
Wi 2s a off a 
Doctus te X ur TOTO 


y ES Mien ol cond scu: ind Apalara. 2nd tha Mge" ns | E 

. ad veo ity aps iter E E Em revédua meu) nai et vossinle: these r 
on te RY wenns ner ory adii» dioi ami cunsbevaoene: ‘The, 
aet A nnn somp wk oaint and diseusdons If,” 
Hane dated F902 yi. CRM MNT ERI way ti prevegi, Pho dome 
MI AI ven. Arad, mh cute etter, eo as to ion 


Cid MEAS ur! t^ spo peter Ue" polen lue to dist ent Oe | 
" ) A 
UE ONE EN E Thole gji The Sir tet TA 
s W. 3 y H i E | 
NE F F : 
TL ! 3 f ae “is P kahi 
ET ad 2 A bis 1 : gyk E a k y 
al r. EN 
j A $ DE aus 
nage e = cal je oor erg, te arbe 


galerie ur ^i MN eio: tut Tt s pelfottTy ges > 
T7 IT E P derum 


t | 00151 ifdge valued hase ne 3 
Matos worries! m FOVENTEOWSEO Mons lorini te tht«l forse 


? CFR OEE EV. stavery stap cy olt ing the orobleng of die a 
(D. , PRA) ges E vr nations sougtening thonim of the are die^ 
GMail VT sed f eolulignabase between tos ttal fore Rp |, 
eH Sh a ae wi decre 4 Phe tenn of piysa T Xf 
vwd NEN Aun eos Telit / risak beyond what whe payee : ^ 
MON ended td sac Sed One olg. ehacelve of an! x 
— ppc, usc s» addi gto moet, whioh would vau e B) j 


UC ponte fona Juin of Muay hares, and whore differumeg i7 
ee ot) amd oed emere directly the: ci 
bipes. cec Aemilii DAR qu the other ol Oe paloti SRM 
-—-. ats ve siehe Tram eist vo (rint, wonld gi 
yao (fg BiU ataigh Bien net 
itc ee aie ctae prit 
hu. Log» MP ert s aha: vather roughiy tr 
aet eo wt Mas eil nni ,vtax that oer m 


Lt ravi of com " ipic Xs tràn 


tow. inet. fid oí yes na; Huus 5 
Nee ^ aote ena tn (a l 
wira PX » ba 


y 


Part I. THE FUNDAMENTAL LAW 
INTRODUCTION 


Electrostaties deals with the actions between "stationary" charges. 
Magnetostatics, on the other hand, treats of the actions of moving 
charges, or currents, and, in particular, of what are known as “‘steady- 
state" configurations of moving charge. A steady state of motion pre- 
vails when at any fixed point any quantity which describes the state of 
motion at that point is itself independent of time. This definition re- 
quires obvious modification when it is to be applied to a statistical prob- 
lem. This modification is of the same sort as that previously required in 
the definition of a static configuration. The electric current is thought of 
as the steady drift of moving charges which, besides this steady drift, 
have complicated motions which may be called random in the sense that 
they average out and contribute nothing to the steady drift. To set up 
a suitable definition of a steady state of motion in terms of these indi- 
vidual motions of charges, one deals not with the instantaneous state of 
motion at any instant, but with time averages taken over times which are 
long reckoned from an atomic point of view (i.e., long compared to the 
period of an orbital electron, the time between two impacts of a molecule, 
etc.), but very short from an experimental point of view. 

'There is an obvious analogy between this situation and the motion of 
a gas whose molecules have, bes:des the general velocity of translation, 
heat motions. The analysis of the present situation, however, has to be 
fine grained enough to take account of small circulatory motions of 
charge, even though these do not contribute to the steady drift of charge 
from one place to another. Indeed, the averaging process suggested 
above should remove from consideration truly random motions of charge, 
but should not wipe out a steady circulation of charge, however small 
scale it may be. 

The development of the mathematical theory of electrostatics in the 
two preceding chapters began: first, with a statement of the fundamental 
law of electrostatic action; second, it was shown that electrostatic forces 
are derivable from a potential; third, the sums in the expression for this 
scalar potential were replaced by integrals of continuous functions. The 
concept of continuous densities (volume or surface) of charge and polari- 
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zation arose in connection with the problem of properly determining the 
integrands of the potential integrals. Fourth, it was shown, from these 
integral expressions, that the potential satisfies the differential equation 
V?@=0, and such boundary conditions were obtained as make the prob- 
lem unique. 

The same four steps will be followed in this chapter in the develop- 
ment of magnetostatics. The final formulation of the general problem 
bears a very close analogy to the previous formulation of the general 
problem of electrostatics. The details of the development, however, differ 
from that of the previous chapters in two principal ways. It will be noted, 
for one thing, that in carrying out the third and fourth steps mentioned 
above, it is necessary, in magnetostatics, to impose restrictions on the 
theory somewhat more severe than those imposed in electrostatics. And 
it will also be noted that the situation with respect to the fundamental 
law is not so simple as it was before. Experimentation on the forces due 
to moving charges is necessarily more difficult than electrostatic experi- 
mentation. The empirical basis, here given, for the fundamental law is 
found in the celebrated researches of Ampére. Compared to the experi- 
ment of Coulomb, it seems complicated and indirect. Four experimental 
laws are first stated. To these are joined the principle of superposition of 
effects and the assumption that the total force and torque are zero on a 
system consisting of two current elements. On this basis it is possible 
to deduce a definite law for the action of one current element on another. 
The experimental basis does not pretend, however, to justify this ex- 
pression except in so far as it is used to find, by integration, the action 
of a closed circuit on an element. Indeed, strictly speaking, one has no 
right in magnetostatics to consider anything other than the interaction 
of closed circuits. For magnetostatics deals only with steady-state dis- 
tributions of current. In a steady state, the current, at any fixed point in 
space, must be independent of the time. Thus if attention is restricted 
to finite current distributions, only closed currents can enter a legitimate 
problem of magnetostatics. It will be seen that the actual steps in the 
derivation of the fundamental law are: (1) the statement of the 
experimental basis; (2) a derivation of an expression for the action 
of an element of a closed circuit on a current element; (8) the addi- 
tion, to this expression, of terms whose total contribution is zero, when 
the action of the whole closed circuit is calculated. This third step re- 
sults in. a second expression for the force with which an element of a 
closed circuit acts on a current element. It is clear that the experimental 
basis, which deals only with the action of closed circuits, affords no basis 
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for a choice between these two expressions. Indeed, it is clear that these 
two expressions are equivalent from the point of view of magnetostatics. 
The second form, since it is simpler and more naturally connected with 
the more general laws of later developments of the theory, is retained. 
The fundamental law of magnetostatics is, however, not to be expressed 
in terms of current elements, but in terms of moving charges. So this law 
is still further decomposed, and an expression written for the action of 
one moving charge on another. It must again be emphasized that this 
last expression has validity only when it is properly used. In particular, 

it must be emphasized that this expression does not give the actual action 
between two isolated moving charges. There is no evidence, in the meth- 
od of derivation here given, that the expression is anything more than 
such an amount, to be ascribed to the action of one moving charge on 
another, as will lead to the correct expression for the action of a closed 
circuit. One should not be disturbed at the observation that the funda- 
mental law of magnetostaties does not apply to the case of two isolated 
moving charges. The reason is, of course, the simple one that two isolated 
moving charges cannot form a steady-state configuration. In just the 
same way, the fundamental law of electrostatic action does not apply, 
in reality, to two isolated charges, since two isolated. charges cannot form 
a static configuration. 


$38. The Fundamental Law of Magnetostatics: the Researches of 
Ampére.—The previous chapters have been concerned with a study of the 
forces acting between charges and charged bodies, all of the charges being 
statistically at rest. When charges are in motion new phenomena are met 
with, and the description of the forces acting is more complicated and 
difficult. Steady states of motion will first be studied, as a step in the 
passage from the static to the general case. 

When, in electrostatics, a group of electrons is said to be at relative 
rest the description, as has been pointed out, is not intended to apply to 
each electron individually, but to the group as a whole. It is understood, 
for example, that the individual electrons may and probably do have 
very lively motions. These motions need not necessarily be thought. of as 
consisting solely of small fluctuations of each electron about a mean 
position of rest, but it is possible that some given electron located on a 
conductor which is in electrical equilibrium may wander a considerable 
distance in the conductor, in a way analogous to that in which some 
given molecule in a gas, devoid of mass motion, may wander off 
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through the gas. One speaks of a group of electrons as being at rest in 
the same sense that one speaks of the population of a country as being 
fixed when (the numerical population remaining constant) the center of 
population remains at a fixed point. The individual members of the 
population move about within their towns or cities, or even wander off 
on long trips, but there are compensating trips of other individuals, so 
that the center of population does not move. 

It is evident, moreover, that the process of readjustment and com- 
pensation will not likely be complete at any one instant of time, so that 
there will be small fluctuations, with time, of the mean position of the 
group. On the other hand, only time averages are experimentally ob- 
servable. Thus when one studies, in what is described as an ‘“‘electro- 
static problem,” the force due to a group of charges said to be in static 
equilibrium or ‘‘at rest," he is in reality studying the time average, over 
a long time, of the force due to a group of electrons moving in such a way 
that their average position fluctuates about a fixed point, and which 
exert a force whose time average is constant. 

It is necessary to recall this viewpoint in order to be clear as to what 
is meant by “charges in motion." A group of charges will be said to be 
in motion when their mean position is not stationary, small fluctuations 
with time being disregarded. There is no attempt to describe the motions 
of the separate charges, but only the drift of the group as a whole. The 
center of population of the United States has moved, in the last century, 
over 500 miles westward, almost exactly along the thirty-ninth parallel 
of latitude. Such a motion, if sensibly uniform, would be described as a 
steady westward motion of the population in just the same sense as one 
speaks of the steady motion of a group of electrons. In particular, a 
steady state of motion will be said to exist when, at every point, the time 
average of those functions which describe the motion of charge are inde- 
pendent of the time. At various points in the development, the statistical 
nature of the theory finds explicit form in the analysis, but it is essential 
to a clear understanding of the limitations of the results that this under- 
lying microscopic viewpoint be borne constantly in mind. 

Magnetostatics is primarily concerned with the actions between cur- 
rents of electricity. Just as there is, in general, a volume density of elec- 
tricity when charges are present, so there is a current when moving 
charges are present. The precise definition of electric-current density, 
however, will not be given at this point, just as the precise definition of 
p was not given, in electrostatics, until one sought to express, by means 
of integrals, the potential due to ponderable charged matter. The experi- 
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ments upon which the fundamental law of magnetostatics is based are, 
however, experiments with currents flowing in wires; and so it will be 
convenient to adopt a preliminary definition for such a current. If the 
cross-section of the wire be negligibly small compared to the other di- 
mensions involved, and if the wire be formed of a non-magnetic conduct- 
ing material, such as copper, a very simple definition of current can be 
given which, after the complete definition of current is later given, will 
be found, indeed, to be quite satisfactory for this special case. The mag- 
nitude of the current flowing in a wire is, in fact, defined as the total 
amount of charge which crosses a given section of the wire per unit time. 
When the charge is measured in rational or Heaviside electrostatic units 
the current, thus defined, is measured in rational electrostatic units. It is 
convenient, however, to introduce a new unit of current, which is larger 
than the rational electrostatic unit in the ratio of c=3X10":1. This 
unit of current is called the “rational electromagnetic unit." If the meas- 
ure of a given current in this rational electromagnetic unit be 7, then it 
follows directly from the definition just given that 


(97) Ids= et y, 


where the current J is flowing in a circuit of which ds is a vector ele- 
ment of are, and where N is the number of charges e, moving with 
velocity V, present in the element ds at any time. The fact that ds 
and V necessarily have the same direction is due to the negligibly small 
cross-sectional dimension of the-wire. This equality permits one to inter- 
pret experiments on currents in terms of the actions between moving 
charges. It is clear that the quantities in equation (97) involve, in a 
somewhat vague way, certain approximations and averaging processes. 
Similarly, vague approximations and averages were employed in passing 
from the Coulomb experiments on small charged bodies to the electro- 
static law of force between two charges. In both cases the procedure is to 
arrive, boldly if need be, at a reasonable law, and then use care and pre- 
cision in constructing from this law a theory. The test of the law is then 
to be found in the success of the theory. 

The early part of the nineteenth century saw the origin of the science 
of electromagnetism in what is known as “Oersted’s experiment." In 
1819, while trying to show that there was no effect of an electric current 
on a magnetic needle, he accidentally discovered that there was an effect 
at right angles to the current. Oersted stopped with the discovery itself, 
but in the years between 1820 and 1825, Ampére, by a series of wonder- 
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fully painstaking experiments, arrived at a set of relations giving the 
action of one current on another. His extraordinary researches on this 
subject were reported in various papers, the chief of these being the 
famous Mémoire sur la Théorie mathématique des Phénoménes electro- 
dynamiques, which was characterized by Maxwell as “‘perfect in form and 
unassailable in accuracy." The conclusions of Ampére were based upon 
the following experimental results: 

1. The action of a current on another current or current element is un- 
changed in magnitude but reversed in direction when the direction of the 
current is reversed. 

This followed from the experimental fact that the force exerted by 
two straight parallel currents of equal magnitude but opposite direction 
is zero when the currents are very near one another. The total force 
exerted on these two parallel currents is also zero. 

2. The effect of a conductor bent or twisted in any manner is equivalent 
to that of a straight one, provided that the two are traversed by equal currents, 
and that the former nearly coincides with the latter. 

This was experimentally proved by observing that the action of a 
closed circuit is zero provided that it consist of a straight portion A-B 
and a return portion from B to A which zigzags about the straight 
portion A-B in any manner, always, however, keeping within a small 
distance of the straight line A-B. 

3. The action of a closed circuit on a current element is always norma! 
to the latter. 

A short length of wire was bent into an arc of a circle and fastened, 
with its plane horizontal, on the end of a needle which, in turn, was sus- 
pended by a vertical thread. The needle was counterbalanced so that. 
the needle and wire are were in a horizontal plane, the point of suspension 
of the needle being the center of curvature of the are. The two ends of 
the wire were touching mercury, so that a current could be caused to 
flow through it, and it be free to move. It was found that when a 
closed circuit was brought near this apparatus there was no tendency 
to rotate about the vertical suspension, showing that the action on the 
arc was normal to it, and hence passed through the axis of suspension. 
Capillary action prevented this experiment from being carried out with the 
accuracy with which the two previous laws were tested. 

4. In similar and similarly situated circuits traversed by equal currents 
the forces are equal. 

Ampére tested this law by the use of three circular closed circuits, 
whose radii were in the ratio 1:2:4, the distance from center to center 
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of the first two and the distance from center to center of the last two being 
in the ratio 1:2. The three were traversed by the same current, and the 
actions of the two circuits whose radii were respectively 1 and 4 on the 
circuit whose radius was 2 were found to be equal (but opposite on ac- 
count of the direction of the current). This test is obviously unsatis- 
factory due to its lack of generality. 

These four laws are concerned with the action of closed circuits, or, 
at most, the action of a closed circuit on an element of current. But it is 
clearly consistent (and indeed quite equivalent, considering how the re- 
sult is to be used) to assume that they hold for the action of one current 
element on a second current element. The forces between the current 
elements are, further, to satisfy the ordinary mechanical requirements for 
equilibrium that (a) there is no total force on the system formed by the 
two elements of current ; and that (b) there is no total torque on the whole 
system. It follows from (a) that action and reaction are equal in magni- 
tude and opposite in direction, and thus from (b) that the force between 
the two elements must be directed along the line joining them. For if the 
force on one element of current has a component perpendicular to the 
line joining them, the force on the other element must, by (a), have an 
equal and opposite component. But these two components form a couple 
the possibility of which is excluded by (b). 

To arrive at an analytical expression for the action between two ele- 
ments of current, suppose that currents J and I’ are flowing along the 
elementary arcs ds and ds'. For briefness the elements of are ds and 
ds’ will themselves be referred to as the “‘elements of current." The ac- 
tion of ds' on ds may, by the second law, be obtained by considering 
the action of the components of ds’ on the components of ds. If ds’ be 
resolved into a component ds, in the direction of r, the vector from ds' 
to ds, and à component ds, normal to r, and if ds be resolved into a 
component ds, along r and a component ds, normal to r, this latter 
being further resolved into a component (ds,), parallel to ds;, and a 
component (ds,), normal to dsn, then the interactions to be considered 
are the forces exerted by 


(1) ds; on ds, , (4) ds, on ds, , 
(2) ds, on (asije; (5) ds, on (ds,), , 
(3) ds, on (ds,), , (6) ds, on (ds), . 


Let the forces due to the interactions of these various components be 
denoted by dF; ....dF., the direction of each of these being along r. 
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Each of these forces will depend, in some way, upon r, the distance be- 
tween the elements, and will be, assuming the superposition of effects, 
proportional to the magnitudes of the component arcs concerned and to 
the current strengths. Thus the first pair of components listed will give 
rise to a force 


dF, — rIH'a(r)ds,ds, . 


This expression is clearly consistent with Ampére’s first law. It is also 
consistent with the principle of action and reaction, since the force with 
which ds acts on ds’ would be given by an expression which differs 


C --—-—-------4 


Fia. 37.— The resolution into components of the acting element ds’ and the 
element ds being acted on. 


from the foregoing only in that the vector r, which points toward the ele- 
ment acted on, would be reversed in direction. 

The forces dF;, dF3, and dF, can be treated together, since they 
are each due to the action between a component along the joining line 
and a component at right angles to that line. It may be easily argued 
that these forces are zero. For if there were, for example, a repulsion dF 
between two such elements it would, by the first law, change to an at- 
traction —dF if the current were reversed in the perpendicular com- 
ponent. There is, however, nothing to distinguish the relative configura- 
tion of r and the component arcs in the two cases, a rotation of 180° 
about r bringing the two into coincidence. Therefore dF = —dF=0. 

The fifth pair of components, however, give rise to a force which may 
be written 


dFs— 71'8(r)ds;(ds,)s ; 
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and the sixth pair of components to a force, 
dF,— rIHI'vy(r)ds,(ds;), , 


both of these forces obeying the first law and the principle of action and 
reaction. The last expression may be given a different form if the com- 
ponents of arc are written as vectors in the directions along which the 
original elements ds and ds’ have been resolved. Indeed, the scalar 


product 
([ds,r],ds") 


is equal to 
|[ds,r]| ds" cos 6— |[ds,r]| ds; cos e , 


where 0 is the angle between ds’ and [ds,r], and ¢ is the angle (lying 
in a plane normal to r) between ds; and [ds,r]. But the magnitude 
of the vector product [ds,r] is rds,. Thus 


([ds,r]ds) =rds, cos e ds; =rdsr(dSn)n , 
or, by cyclic permutation of the vectors entering into the scalar product, * 
(rids ,ds]) — rds; (ds,), . 


The force due to the sixth pair of components may thus be re-written 
dF,— r1] ne (nas ,ds}) — rLI'C(r) (rids' ds]) . 


The total force exerted by ds’ on ds then takes the form 
(98) . dF-rII'[a(r)ds;ds,-- B(r)ds;, (ds,) 5] 4- r1 I^ C (r) (r[ds' ,ds]) . 


The bracketed expression is a linear function of the two products ds, ds, 
and ds,(ds,), The two expressions 


(ds' ds) = (ds,+-ds,,dsr+ (dsn)p+ (dSn)n) — ds,ds,-ds,(dss); , 
(ds’,r)(ds,r) = rds,ds, , 

are also linear functions of these same quantities. Hence the term within 
the brackets in equation (98) may be written as a linear function of 
(ds',ds) and (ds',r)(ds,r), i.e., 

[a(r)ds;ds,4-B(r)ds, (dsp) »] — A (r)(ds',ds)+B(r)(ds',r)(ds,r) , 

* See Appendix, $4 (35). 
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and the total foree exerted by ds’ on ds may be re-written in the form 
dF =rII’'{A(r)(ds’,ds)+B(r)(ds’,r)(ds,r)+C(r)(r[ds',ds])} . 


Ampére's fourth law says that the force will be unchanged when all 
the dimensions of the ciruits are changed in the same ratio, the currents 
being held constant. Thus when r becomes kr, ds becomes k ds and 
ds’ becomes k ds’, the force dF being unaltered. This condition may be 
applied to the separate terms in the force expression, since special cases 
may be constructed in which the total force consists of only one of these 
terms. If this condition is, then, applied to the first term in the expression 
for dF, the result is the following identity in k: 

rA (r) (ds',ds) =k3rA (kr)(ds’,ds) , 


or 


L A(r). 


AQ) = 35 4 


Differentiating with respect to k, 


3 
A’(kr)r= we A(T). 


Thus if k=l, 


and, integrating, 
log A(r) 2 —3 log r+loga, 
so that 


AQ-5. 


In the same way the funetions B(r) and C(r) may be determined, 
so that the expression for dF is reduced to the form 


(werte s: (ds' ds) +", (ds',r)(ds,r) +4 (rids' ds] 


There are as yet no restrictions on the values of a, 6, and c in this ex- 
pression. 
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Use has been made up to this point, however, of only the first, second, 
and fourth laws of Ampère. If dF, denotes the component of force 
parallel to ds exerted by ds’ on ds, then, according to the third law, 


fadF,=0, 


the integration being carried out with respect to s’ around an arbitrary 
closed path. This identity can be used to evaluate the constants a, b, 
and c. If Cartesian co-ordinates x’, y’, 2’ are introduced with origin at 
ds and with the z-axis parallel to ds, then 

—r=tir'+jy'+k2’ , 

ds’ = idx’ + jdy'+kdz’ , 

ds=ids . 
If these expressions be substituted in (99), the component of dF paral- 
lel to ds, i.e., the x-component, of dF, is seen to be 
GU dr "ps 


DNI 


T's | _ (z'da' +y'dy' dz) + (y’dz' —z'dy') | : 


Thus, rearranging terms, the line integral - 
< (ax. , bx’\ da’ | (brl?y’ | cz'z'Ady' 
say rras f | ( ILE (EE ds’ 


1/2 QW D 
i -(F: x jas 


r5 TÉ jas’ 


must, by the third law, vanish when the integration is carried out around 
any closed curve. 

The conditions imposed by this requirement upon the terms of the 
integrand may be conveniently obtained by the use of an important iden- 
tity, known as ''Stokes's law," between the line integral, around a closed 
path, of the tangential component of a vector, and the surface integral, 
extended over any surface terminating in this closed path, of the normal 
component of the curl of the same vector. This relation, namely, 


(101) fA.ds= f (curl A)4do , 


where A is any vector, and where curl A is defined by the equation 
pod. JAT. Ae tt) e) 
vo A=i( oy 82 )+4( oz 02 $^ x x99, 
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is essentially a reduction of a double integral to a single integral,* the re- 
duction being possible since the integrand of the double integral consists 
of sums and differences of partial derivatives. It is clear from this iden- 
tity that if the left member be zero when integrated around any closed 
curve, then the surface integral of the normal component of curl vanishes 
over every surface, so that the curl of the vector A must itself vanish 
identically, i.e., 


AAgs dA gi om BAI DAT etos. 04; 
0y az’ dz. On’ Oxo: $ 


Now any line integral of the form. 


fes P EQ RS E 


may. be thought of as the line integral of the tangential component of the 
vector whose rectangular components are P, Q, and R, respectively, 
so that if such a line integral vanishes for every closed curve it follows, 
from the discussion above, that 


oR dQ oP oR ðQ _ oP 


dy oz’ 02 Ox ôx Oy 
If the first of these conditions be applied to (100), the result is 


oor y 2 Aer Y. e 5bzy' z aerz CA 


S d ni 


75 ré it 


or 


20b s dez d dor zi 
Fn a URN 


Since this relation must hold identically, it follows that c=0. 
If the second condition be applied, the result is 


Baxi iObp Sz, Dota. i DL u dta y n4 


p p r7 p UE 


or, canceling and setting c=0, 


— 3az'z! - 2bz'z' 


* See Appendix, § 5, C. 
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If c and b be given the values just found, the third condition is identi- 
cally satisfied. These results give, upon substitution, the following final 
form for the force exerted on ds by ds'. 


, / 
dF-all'r 2 — ds) 3(ds = (ds,r) | À 


The choice of the constant in this relation fixes the unit of current. If 
the force be measured in dynes, and the currents in rational electro- 
magnetic units, the constant is experimentally found to have the value 
—1/4-. The equation then reads 


Aa 
Agr? 


(102) dF= | 2(ds' ds) Š (ds',r) sr) } 
The experimental basis for this expression only justifies its use to 
find the force due to a closed circuit 


S' on ds; andit is thus permissible f r+ dr 
to add to the expression for dF any 
terms which vanish when integrated z 


with respect to s’ around the closed Fic. 38 
curve S’. That is, terms may be 

added which are exact differentials. Thus it is permissible to add the . 
expression 


(103) d'(r(ds,r)X(r)) 


in which ds is a constant, the end of r which describes the closed cir- 
cuit S' being variable, and in which X(r) is some function of r. Per- 
forming the indicated differentiation, this becomes 


(ds,r) X (r)d'r--r(ds,r) X'(r)d'r4- rx (r)a'(ds,r) . 


However, 
d'r2 —ds', 
and 
d'(ds,r) = (ds,d'r) = — (ds,d's) . 
Also 
ERR TUN eg a'r E! / , T wd , 
d'r—. ds Te [rds cos as) | mies (r,ds’) . 
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Upon substituting. these values, the original differential (103) becomes 


(104) —ds'(ds,r)X(r) — rX(r) (ds’ ,ds) — a) (ds',r)(ds,r)r . 
Now choose 
II^ 
X(r) a atlas, " 


and add (104) to (102) above. The result is 


(105) ER (ds,rds' — (ds,ds’)r | : 


Arr? 


The advantage of the partieular choice which has been made in the terms 
which have been added to dF is now apparent; for the two terms of 
(105) may by comparison with the vector identity 


[A[B,C] | -2 B(A,C) — C(A,B) 


be thrown into the form 
[ds|ds',r] ] . 


Thus the force on ds due to the element ds’ of the closed circuit S can 
be written 
dF= is [(ds|ds',r]] . 


Amr 


It should be clearly recognized that this expression for dF is not 
equal to that given by (102), but is equivalent to it, in the sense that the 
two lead to the same result for the force on a closed circuit. From this 
' expression can be written, at once, the fundamental law of magnetostatic 
action between moving charges. The force dF is, in fact, acting on the 
moving charges e present in the current element Ids at any time. The 
force on a single charge e due to a single charge e; moving with a ve- 
locity vi in ds' is thus, by (97) and the expression just written, 


THE FUNDAMENTAL LAW § 39 


where v is the velocity of the charge e being acted on, where rj points 
from e; to e, and where the vector Bj is defined by the equation 


Tn yin Ul 
Bi- iL ems z] i 


Thus the magnetostatic force on a charge e moving with a velocity v 
due to a group of charges e; moving with velocity vi is 


(106) F=* [v,B], 


nypa Yr 
vein =| ei, 4 


TE me 
=g z| evi V Hd , 


the co-ordinates of e; being x;, y; 2; while the co-ordinates of e are 
x, y, 2. The law stated in (107) is often referred to as the law of Biot 
and Savart. They established this law, however, only for straight cur- 
rents. * 
$39. The Vector Potential.—In electrostatics the form of the law of 
force was such that it was possible to obtain the force from a scalar po- 
tential. An analogous vector potential will now be obtained for the law 
of force in magnetostatics. : 

If the scalar u and the vector C are functions of the two sets of 
variables z, y, z and 2’, y’, 2’, then the identity 


where 


(107) 


eurl u C=u curl C4-[Vu, C] 


reduces, if u be set equal to 1/r and if C be set equal to ewi, to the 
equation 
curio ees lv d : eai] = [evi Vá =| > 
i Ti T& 


the other term dropping out since the velocities v; are functions of 
x’, y’, 2’ only. Thus from equation (107) 


nod > curl E curl 2> 2 Ewi H 
Arc Ti Arc Ti 


* Ann. chim. phys., XV (1820), 222. ' 
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This last equation can be written 


(108) B=curlA, 
where 

2d yei 
(109) A=7.> "T 


This auxiliary vector A is called the “vector potential." In the electro- 
static case, the force was expressed directly in terms of the gradient of 
the scalar potential; in the magnetostatie case, the force on a moving 
charge is expressed in terms of the vector product of the velocity of the 
charge and the curl of the vector potential. 


PROBLEMS FOR PART I, CHAPTER III 


1. Given the vector 
C=irytjzthky . 


Form and compare the line integral of C, around a circle of radius a 
in the z-y-plane, and the surface integral, over this same circle, of 
(curl C); . 
2. Given 
C -—jnz ; 
find curl C by means of the definition, and by means of the relation 


(curl C), — lim dh. if Cais” 
do 


do=0 


3. Compare (107), § 38, with the ordinary expression of the Biot-Savart 
law. 
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INTRODUCTION 


Part II of this chapter contains the calculation of the vector poten- 
tial due to a complex of moving charges—that is to say, due to a group 
of moving charges whose interdistances are small compared to the dis- 
. tance from any one of them to the point at which the potential is being 
calculated. This one section is set off as a part to emphasize the anal- 
ogy between the first three parts of this chapter, and the first three parts 
of chapter 1. f 

$40. The Vector Potential Due to a Complex of Charges.—The value 
ata point P(r,y,z) of the vector potential A due to a complex of charges 
e; moving with velocities vi is given by (109). The problem of approxi- 
mating this vector expression in terms of quantities characteristic of the 
complex as a whole is similar to the previous problem of approximating, 
by the concentration method, the corresponding scalar potential. 


1 €4 
4r Ti j 


Choose, as before, a point 0 of co-ordinates x’,y’,z’ within the complex, 
and denote by r the distance from P to O. Then, expanding 1/r;: 


0 evi 
(iy 288 gen nal (505. UNE TM TEL 


4xc ^ rij mc r Jo Anc él; 


*. 1 grat: 1 


4nc r Amcr? 


Zewi(li,r)4- UNE C 


where li are the vectors locating e; with respect to the fixed point O, 
and where 7’ is a unit vector pointing from O to P. Itis customary, as 


e 


r 


Fic. 39 


in the previous case, to consider only two terms of this expansion. The 
very small ratio 1;/r tends, of course, to make the successive terms de- 
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crease rapidly in magnitude; and there is in this case, as well as in electro- 
statics, a physical basis, to be mentioned presently, for stopping with the 
second term. 

To write the second term in a form more easily interpreted, it may be 
noted that 


3 edi(r',li) =ewilr li) +li(r' eivi) . 


Also 
[r'[lijesvi] ] 9 li(r',e;vi) —ewi(r’ li) , 
so that 
. 1 ld 7, 
ewi(li,r’) = "i [r [lewi] It+5 di edi(r li) . 
Thus 
Zewi( !d-- [ f LORD li( ' li) 
LCVilT sti) = — er 5m 2 di Citi T sti) , 
where 
1 
(111) m=z; Z|li,e;vi] . 


The vector m, defined by this equation, is called the ‘‘magnetiza- 
tion" of the complex. The magnitude of [l;,e;vi] is the product of ew; 
and the perpendicular distance from O to vi, so that m measures a sort 
of angular momentum of the charge about O; “‘momentum”’ in this case 
being the product of charge by velocity rather than, as in the case of 
mechanical momentum, the product of mass by velocity. 

Now the quantity 
2 Zejli(r'jli) 
is statistically equal to zero for the cases with which magnetostatics deals. 
It can, in fact, be easily argued, for three important cases, that zero is the 
time average of this quantity over intervals long from the point of view 
of atomie phenomena but short from the point of view of ordinary ex- 
perimentation. These three cases are: (1) a sensibly uniform drift of the 
charges of the complex; (2) any periodic motion of the charges; (3) a ran- 
dom motion of the charges. The first covers the case of that component 
of velocity which results in a conduction current; the second, the case of 
any sort of orbital motion in a closed path; the third, the case of possible 
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random motion, such as heat motions, which may be superposed on the 
other motions. The arguments for these three cases are indicated in Prob- 
lems 1, 2, and 3 at the end of this part. 

Making use of these simplifications, and the further definition, 


(112) > hej , 


the vector potential due the complex takes the form 


baly TEL 
4 Arr Anr? [r, m] , 
or 
edad a ddl Seer! 
(113) Am eim v *| f 


The vector j is called the “current” of the complex. 

The leading term in the exparision is due to the movement of the 
complex as a whole; the second, or magnetization term, is due to differ- 
ential movement, or circulation, within the complex. The magnetiza- 
tion of the complex would have a non-vanishing value if the velocities of 
the charges were such that the complex turns as jt drifts as a whole. The 
first term would vanish and the second term would give the principal 
effect if the complex consisted, for example, of a ring of charge rotating 
about a fixed point. If such a complex were subdivided into many com- 
plexes, however, it is clear that the description would then be thrown 
back again on to the first term, except in those cases which would require, 
for this purpose, a finer subdivision into cells than is permitted by sta- 
tistical considerations. The description in two terms is thus, just as 
before in electrostatics, a result of the order of magnitude of the dimen- 
sions of the complexes considered. The third term of this expansion 
(which would correspond to a differential circulation) and the following 
terms are considered negligible for physical reasons analogous to those 
which permitted the two-term expansion of the scalar potential. 

As an illustration, consider a complex composed of a single orbital 
electron e moving with angular velocity w in a circle of radius a. Then 


= „i dre - da) 


Im "t 5 Zoe ii) 2c c\2 


so that the magnetization of the complex is numerically equal to e/c 
times the sectorial velocity of the rotating charge. 
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PROBLEMS FOR PART II, CHAPTER III 


1. Referring to the quantity 


p Zeli(r' li) = Zewi(r Jl) 4-Zedi(r;,vi) , 
= Zeivi(l),-- Zeili(vi), , 


of § 40, where (Lj), and (vj, are the components of li and vi along 
the direction OP; show that when all the charges have the same ve- 
locity this quantity has a time average of zero, if the average be com- 
puted over an interval which is long compared to the time required 
for a charge to move a distance equal to the mean distance between 
charges. In fact, to compute the time average of this quantity over 
such an interval, one may simply compute the instantaneous value 
this quantity would have if, at the given instant, a charge moving 
with the common constant velocity were located at every point of the 
volume element in question. Then if the reference point within the 
element is its center of gravity, simple considerations of symmetry 
show that the two terms written above are each zero. 

2. Show in the same way that this quantity is also zero, on the average, if 
the velocities vj are random velocities. 

3. Since the time average p(f) of any quantity F(t) over an interval 


ti<t<t is 


HT: 1 t 
F(t) -4f F(t)dt , 


show that the time average of the quantity referred to in the last two 
problems is zero for any periodic motion, the interval &—4, being long 
compared to the period. 
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INTRODUCTION 


The opening sections of Part III of this chapter follow the same gen- 
eral lines as those of Part III of chapter i. It is not necessary or desirable 
to repeat here the considerations which affect the introduction of those 
continuous densities in terms of which may be written the (vector) po- 
tential due to ponderable bodies. The present calculation draws heavily 
on the former one; and is hence considerably condensed. The striking 
analogy between electrostatics and magnetostatics is exhibited in § 45. 
This part concludes, as does its counterpart in chapter i, with a calcula- 
tion of the force and torque on a ponderable body. 

$41. The Vector Potential Due to a Ponderable Body.—It would be 
possible, just as in the previous development, to represent the potential 
due to a single complex, using the spreading method, in terms of two inte- 
grals, extended over an arbitrary volume containing the complex, these 
integrals involving vector functions j and m which are constant over the 
volume in question. Since the development is closely analogous to that 
given before, however, the intermediate details will be passed over, and 
the vector potential due to a ponderable body will be considered at once. 
Guided by the expression, found above, for the vector potential due to a 
single complex, and by the previous development, the vector potential 
due to the body 7 will be represented by means of the two integrals 


(114) Ef wz fl [m, Vv’ dL : 


where i and M are continuous vector functions of the variables of inte- 
gration x’, y', z/—the co-ordinates* of the point P, at which A is being 
calculated, being x, y, z. The definitions of the functions i and M are 
to be obtained, as before, by a comparison of the expansion of these two 
integrals with an expansion of type (110). The vectors i and M will be 
called the “volume densities" of current and magnetization, respec- 
tively. 

Let the body be divided into volume cells Az;, the order of whose di- 


* Primes will not be written on i and M in this section. 


191 


§ 41 THE ELECTROMAGNETIC FIELD 


mensions is fixed by the statistical considerations discussed at length in 
chapter ii. Then 


fi a+ f [mv je-2 | AF : at f [mv Jar) ; 
rT T T A Ars r 


However, 


i 1 T ejer j 
fe ^ af ee Os +9 os LE s eaod[ dx A 
= ei UT p j M YS OPE T F; va T ; z i 
y 
EC d ys (3) Jos e dr, 


where the subscript 7 indicates that the value of a quantity is to be 
taken at O;, a point within Ar; and where ¢ is the angle between s 
and the direction from O; to P. If the point O; be chosen at the center 
of the volume of Az; the first integral (the second term just above) 
vanishes. 

The second integral (the third term) may be written in the form 


1 1 ai ¢ 
sf F (s,V)i d7' , 


the r-component of which, for example, is 


Lf s|(Vi^);|eos (k, s)dr’ =i 2 s cos (h, s)dr’ , 


Ti 


where A has the direction of (Vi); This integral, and the other two 
components in the same way, vanishes since O; is the center of volume of 
ATi. 'Thus 


f. fae - (5 ac fc (2) cos gdr’+..... 
Ar; Ar; i 
f |m, v [er = [mv «art SS 
Ar; 
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all other terms being dropped on account of the small variation, across 
Ar; of M, and on account of the powers of r; in the denominator. The 
vector potential due to the charges e; within Ar; may, however, be 
written, according to (110), as i 


A Xe, 0 Pop yg vrl 
Ane ri BUE 2 1] ' 


1 


Therefore, identifying the coefficients of like powers of rj, the value at 
O; of the vector current density i is given by the equation 


Ze;Uj 
CAT; 2 


(115) 2d 


while the value, at O;, of the volume density of magnetization M is to 
be determined from the equation 


i how ai ði 
Ar| Ms v =Z [2t ejUj], V | - fom odr. 


The left member of this equation and the first term of the right member 
are both vectors which are normal to ri. The direction of the last term, 
however, depends upon the variation of i. It therefore follows that the 
type of representation attempted will furnish the desired approximation 
to the vector potential only in case the statistical regularity is such that 
this last term is sensibly zero, i.e., only in case that the values (115) cal- 
culated for the various volume cells Ar; differ so little, from cell to 
neighboring cell, that the continuous vector function i, interpolated 
from these values, has a negligible variation across any one cell. This 
condition is analogous to that previously stated for the variation in the 
continuous density function p, there being this difference: in the electro- 
static case if the variation of p across a volume cell is not negligible, the 
definition of the polarization is affected, while in the present case, if the 
variation of i across the volume cell is not negligible, the assumed 
representation is itself inadequate. In case this last term does indeed 
sensibly vanish, the value at O; of the magnetization density is to be 
determined from the equation 


1 "i 
(116) Mic AX E[lj,e;vj] . 
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The continuous vector functions M and i are, as in the previous case, 
to be determined from the values M; and ij at O; by interpolation, ` 
and the vector potential due to the body 1s given by 


1, fio M MEL 


By the use of a vector identity,* the last term in this equation may be re- 
written 


1 (cul'M ,, 1 33M: 55 
(118) Ak OS = Lf cus 7 dr’. 
The second of these integrals may be still further transformed by means 
of the identityT 

(119) f curl’ Cdr= {[n,Cldo , 


where n is a unit vector directed along the exterior normal to the body. 
Thus substituting, 


l(t v Lo[reun Mio I IMPIIS 


In this fundamental equation all primes are inserted to indicate that i 
and M are functions of z', y’, 2’, the variables of integration. 

If one defines, for the volume element Ar;, the vector uj by the fol- 
lowing equation: 


gue Ze;j uite; 


i 
CÂT; CAT; ; 


where ej are the charges within Ar; whose velocities v; do not vanish, 
then 


; pi 
where p; is the density of ‘moving charge." 
If, as in electrostatics, a continuous scalar function p be interpolated 


from the values p; and a “velocity of moving charge" vector u be 
interpolated from the values ui, then 


"A 
pc 


* See Appendix, $ 4, (38). t Ibid., $ 5, D. 
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This relation will often be used when it is desirable to bring into explicit 
evidence the fact that current is moving charge. The foregoing equations 
clearly define a velocity of moving charge only when the density of mov- 
ing charge does not vanish. 

Following the previous development, the next step in the representa- 
tion of the vector potential due to a ponderable body would be to con- 
struct a thin shell of volume elements on the surface of the body, and to 
represent the vector potential due to the charges in these elements by 
means of surface integrals. It must be remembered, however, that the 

only reason for so doing is an expectation, based upon physical grounds, 
that the demand of statistical regularity in the quantities involved forces 
a separate consideration of these exterior volume elements. There is no 
point in using these thin exterior volume elements if it be possible to 
divide the whole of the body into ordinary volume elements whose char- 
acteristics vary slowly, from element to element, throughout the entire 
group. It was found, for example, in electrostatics, that it was possible 
to subdivide a body in such a way that there was a volume density p’ and 
a surface density 7’, giving.rise to the two terms 


1 P Ma da Ul , 
E fe irg (Tue | 


and it was found possible to subdivide, if not this same body, then an- 
other body electrostatically equivalent to it, in such a way that the con- 
sideration of a surface density of charge did not enter at all, there being 
a new volume density p; and a vólume density of polarization Pi, giving 
rise to the terms 


TA pacem IPL i d ic 
(121) JETZT Pi, V sd 


This last expression. could, however, be transformed into the two new 
terms 


1 div Post qo le (Pye 
(122) le - ag | Ps ae! 


these two integrals being the equivalents of the previous two integrals 
(121) which result from the first method of subdivision. Thus in the 
second method of subdivision, the surface density of charge term, which 
does not appear, is absorbed in the volume-polarization term. The two 
representations, as has been pointed out, are analytically equivalent, but 
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correspond to different modes of subdivision and different physical points 
of view. The surface density of charge plays such a fundamental róle 
from the physical point of view in the electrostatic problem for conduc- 
tors that it is customary to use the mode of subdivision which keeps the 
surface density of charge in specific evidence. 

A similar analytical situation obtains in the case at hand. The con- 
tributions to the vector potential due to the charges in a very thin ex- 
terior volume element would be represented by a term 

nar et: 


dodo 5o 
Am Pede 


where l is a surface density of current interpolated from 
lj-h i; ,. 


the values of l at O;, the centers of volume of the cells Az; whose thick- 
ness is A. It is clear that in the steady state the direction, at any point 
on the surface, of 7 must be tangent to the surface at that point. It 
often happens, however, that from a physical point of view the current 
flowing in these surface elements does not arise from charge which is 
actually moving in this thin surface shell, but is a superficial aspect of a 
volume distribution of elementary closed circuits or “current whirls.” 
Thus (see Fig. 40) if an exterior shell is separated from the rest of the 
body, this shell will cut through many of the current whirls and, if it is 
thin enough, contain few that are not cut; so that, viewed apart from the 
rest of the body, this shell contains a moving sheet of charge. If the sur- 
face shell were not used, however, this moving sheet of charge would not 
exist as such, the moving charges which formed it now being recognized 
as belonging to a volume distribution of current whirls. Such current 
whirls bear the same relation to the volume density of magnetization M 
as do polarized molecules to the volume density of polarization P. It is 
customary, in magnetostatics, to throw the emphasis on the M vector, 
rather than to bring surface currents into explicit prominence. Physi- 
cally this is based upon a belief in the actual existence of such current 
whirls; analytically it implies a mode of subdivision that makes unneces- 
sary the use of a thin surface shell, and which gives rise to a non-vanishing 
value for the volume density of magnetization. A simple picture of a 
polarized molecule indicates, in electrostatics, how it is that the two 


integrals 
n P, 
f: do and f P do 
oir r 
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may correspond to the same physical situation. That the two integrals 


e do’ ana f Ml do’ 
y y 


can also correspond to the same physical situation may be indicated by an 
analogous argument, using a simple picture of a current whirl (see Figs. 
40 and 41). The details of such an argument will not be given; indeed, 


Fra. 41.—This figure, together with 

Fic. 40.—Figure showing how interior Figure 40, indicates the geometrical re- 
whirls of current give rise, when only à lationship between the magnetization 
thin shell of surface is viewed, to a sur- M, the surface density of current 7 and 
face current sheet. an external normal n. 


there is little interest in them, the identification which arises from the 
transformation 


'"M' M',n 
f [mwv ilar- f E dr’ + f xu do’ 


being exact and convincing. 

In electrostatics it has been seen that it is possible to use all three 
densities p, n, P or to use less than three densities, so long as one can 
assign suitable values to 


p—div P and 7n+P, . 


This could clearly be done by choosing p and 7, p and P, or P alone. 
In discussing perfect conductors one chooses p and y. In discussing 
ideal dielectrics one chooses P. The transformation written just above 
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indicates, in just the same way that one may use, in magnetostatics, i 
and l, i and M, or M alone. The choice actually made is precisely the 
one not used in either branch of electrostatics, namely, i and M. This 
non-analogous choice of densities partially obscures the actual analogy 
between electrostatics and magnetostatics and makes it necessary, when 
that analogy is exhibited (§ 45) to generalize somewhat the customary 
equations so as to use, in both instances, all of the available densities. 
The foregoing discussion has been limited to but one of the two terms 
which would enter were a thin exterior shell used in subdividing the 
body. Besides the surface current term, there might also be a surface 
integral arising from a superficial distribution of current whirls, corre- 
sponding to the normally polarized layer on a conductor. There are, 
however, no convincing reasons why abnormalities should exist, near the 
surface, in the values mj, and since there is no experimental evidence of 
such a layer, this term is customarily disregarded. The potential due to 
a ponderable body is, then, described in terms of the volume current 
density and the volume density of magnetization by the equation 


1 (Ë r4 ro Llay 


or by the equivalent equation 
; ! 3! , 
(124) yos i' + cur M" PE [M ,n] do’ . 
4r r Am T 


In these last two equations primes have been written on the densities to 
remind that they are functions of 2’,y’,z’, the variables of integration. 
The vector potential A is, of course, a function of z,y,z. The vector n 
is a unit vector directed along the exterior normal. 

At the beginning of this chapter, the current flowing along a wire was 
defined as the amount of charge which, per unit time, passes a given 
cross-section of the wire. Similarly, the current passing through any area 
or across any line is the amount of charge which, per unit time, passes 
through this area or crosses this line. Current thus defined has the di- 
mensions of a charge divided by a time. The volume current density i, 
however, has the dimensions of charge divided by the product of time 
and area. It is thus dimensionally evident that, with the foregoing 
definitions, the volume density of current has to be multiplied by area 
to obtain current. It is, in fact, evident from the equation which defines i 
that indo is the charge per unit time (i.e., the current) which passes through 
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de. Similarly, if one considers a surface density l of current, the cur- 
rent passing across a given line element ds on this surface is given by 
lads, where 1, is the component of | normal to ds. It is clear that, in- 
asmuch as current is charge per unit time, the terminology of i and l as 
volume and surface densities of current is not strictly logical. 

The equations given above express the vector potential A in terms 
of the volume densities of current and magnetization. When the B field 
due to a given configuration of currents is desired, it is sometimes more 
convenient to use formulas which express B directly. For example, from 


. the equation 
TM Cp 
A = his dr 
one calculates 


B .94. 8A, 1 k a f) dr’ 
Saroyi taz ka) oy 02 dis 


Hence, in general, 


125 Bat f [eut v dr f |w, n],v' + |e. 
Ar mer T 


If only volume densities of currents are present, 


Pn -7 yl y». 
(126) s=- {| 1’,V + ar : 


while if only linear circuits are present, 
Ids' — iq ds’ =idr' , 
so that 


I ptes 


The expressions for B just obtained from the general expression for A 
could also be obtained directly from (107). 
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§ 42. The Divergence and Curl of the Vector Potential: Distant Points. 
—The foregoing analysis applies only to points P which are sufficiently 
removed from all parts of the body under consideration to insure the con- 
vergence of the approximating expansion. At all such points, A is given 
by the equations just above, while 

curl A=B, 
so that 

div B=0. 
It may be shown that the vector potential A also has zero divergence 
at points in free space. For in the region under consideration the inte- 


grals are regular, and may be differentiated under the sign of integration. 
Moreover, the identity* 


div [C, D|=(D, curl C)— (C, curl D) 


gives, in this case, 
div| M',v d £ -aiv| m, y d LY 


since M" is not a function of x, y, z, and since the curl of a nabla is zero. 
Also the identity] 


div uC=u div C+ (C, Vu) 


gives, since 7’ is not a function of z, y, z, the relation ; 


3; : 
duris (7.7 3 mE (rv *) ineciup btidagl T 
T T r r r 


the last step following from the fact that, in the steady state, there is no 
heaping up of charges at any place, so that div’ i’=0. ‘Thus, susbtitut- 
ing these results, 


T Ar 


ap of 
divas Spa lutlintendetee Efi de' . 
4 f r 


* See Appendix, § 4, (43). 
1 Ibid., (87). 
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Since the integration is supposed extended over the whole of the body 
containing the current, there is no normal flow across the boundary, and 
t,=0. Thus the last integral vanishes and div A=0. Thus 


div A=0. 
Also at distant points, 


1 geal 1 1 
2 Ei Te / [4 ZE nl 
V aima (iv E dr ta fn VV | =0, 


(128) v2? A=0. 


: go that 


However, f 4 
curl curl A= —V?A+V div ÁA, 


so that, since the vector A has zero divergence, 
curl curl A=curl B= —V?A=0. 


At points removed from any body the vectors A and B thus satisfy 
the following relations, set here for reference: 


div A=0, 
155 curl A=B, 
ae ° div B=0, 


curl B= curl curl A=0. 


§ 43. The Vector Potential at Points within a Body.—The force on 
moving charge is expressed in terms of an auxiliary vector B which itself, 
in turn, is expressed as the curl of a second auxiliary vector A. This 
vector potential A is directly available for computing the force on mov- 
ing charge only at points removed from any body; but, just as was the 
case with the scalar potential 9 in electrostatics, the formula from which 
A is computed at distant points may also be used to compute the values 
at points within the body. There is thus obtained a vector function which 
has a value at every point, exterior or interior, and which is the analytical 
extension, beyond its region of original physical significance, of the ex- 
terior vector potential. This interior vector potential will now be intro- 
duced and investigated. 


1 See Appendix, $ 4, (42), and $7. 
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The total force on a moving charge e located at a point within a 
body r will be written as 


F=f [v,B*--N], 


where B* is due to all the charges outside a sphere of radius 6 drawn 
around the charge in question, and where N is due to the neighboring 
charges within this sphere. This equation assumes the extension, to 
cover the case of very near charges, of the law that the force on à moving 
charge is always normal and proportional to its velocity. It makes no 
further assumption, however, concerning the force due to nearby charges, 
since nothing is said concerning N itself. If 6 is sufficiently large, the 
vector B* will be calculated, as above, from the vector potential A* due 
to all the charges of the body not within the sphere. Just as in the analo- 
gous electrostatic case, however, special care must be used. The vector 
A* is, at every point within the body, the vector potential due to all the 
charges lying outside a sphere of radius ô drawn about that point. In 
the variation, from point to point, of this function A*, the deleted 
sphere is carried with the variable point, so that certain charges are re- 
moved from consideration, and certain other new charges appear. In 
obtaining the B vector by taking the curl of the A vector, however, the 
position and velocity configuration of charges must not be altered. Thus 


div* A*=0, 


curl* A* — B* , 


where curl* and div* are formed by taking the variation, within a fixed 
sphere, of the vector potential due to the charges without this sphere, 
the special notation being necessary, in the case in hand, to assure the 
differentiation being carried out in the proper way. These values will 
now be compared with the values curl A* and div A*, in the calcula- 
tion of which the 5-sphere moves. 

It has been previously shownf that if 


t See § 18, equation, (56). 
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then 


1 
: a= 
ab* 1 Aera sod! "na. 
(130) =— hes dr an z COS (n,z')de' , 


Ox 4r 75 


where s is the surface of the 6-sphere, and where n is a normal interior 
to the sphere. Thus, 


1 1 
a a= 
i OAZ _ 1 y T. A914 w yi, 
eta a qa list Eee iP id 


A (3 Naot yb rol ‘da! 
+f 7, C08 (n,x")do tx f [n ,V | eos (n,x^)de' , 
so that | 
1 i005 »d | 
div A*=div* A*+— | — do’+— M',V' =| do’ 
An), 7 4r J; Tal 


an p fnynoo 
f do’ = LY sae! =(), 


since, in the steady state, there can be no net flow into or out of the 
sphere. The other integral over. the surface s also vanishes, since the 
vector [M’, V’1/r] has no component along the normal to the sphere. 
'Thus, 


However, 


div A*=div* A*=0. 


The same method yields the value of curl A*. Indeed, making use 
of the differentiation-scheme (130), 


1] t; 4 
curl, A* = curl* AL fs li cos (n,y^) — i, cos (n,z^)]de" , 
quls M',V'! H eos (n,y’) — | M’ vil eos (n,2^) ) do’ 
4r Js nori : mer ly 4 
so that 
curl A*=curl* Ax (4 —|do’ Jet fll M', Vic | aor 
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If the vector i’ be sensibly constant over the interior of the 6-sphere, the 
first surface integral vanishes, as may be easily seen from considerations 
of symmetry. In the second surface integral, the nabla operator is taken 
with respect to the variables of integration 2’, y’, z’, so that 


FAN Vr n 
Kataa cities 
Thus, 
(131) | [wv dl =a|7 LZ -i [M'(njn) —n(n,M’)] 
_M’+nM, 


2 : 

where M; is the component of M’ in the direction of V'r, i.e., the direc- 

tion opposite to n. This last vector is to be summed over the surface of 
the à-sphere. If 0 be the angle between M" 


A B and r, then at A and B (see Fig. 42) the 
LR ^ values of M; are numerically equal but 
SN vie M opposite in sign, while the components of n 


normal to M’ are equal. Since all the sur- 
face elements can be paired in this way, it 
is seen that the component normal to M’ 
arising from the integration of the term 
nM,/r? is zero. The integration of the vector 
(131) over the surface of the sphere thus produces a vector in the di- 
rection of M’. The component of (131) along M’ is 


Fic. 42 


/ 
= (1—cos? 6) . 


Ju |n [wv] ył Jao- rd (1.— cos? Dido, 
4m 


where M has been removed from under the sign of integration since it, 
as well as i, is assumed sensibly constant throughout the ó-sphere.T 
Since 


Thus 


do’ = 278 sin 0 dô , 

T At this point, the prime on M is dropped, since the quantity removed from 
under the integral sign is the value of M at the center of the sphere, i.e., at the point 
Byes 
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the value of the foregoing integral is 


=|, (1—cos? 0) sin 6 pe eed : 
2 Jo 3 


Thus 
curl A*=curl* aye A 


or 


Besa An P ] 


Consider now the vector, referred to at the beginning of this section, 
which is the extension, within the body, of the vector function A. That 
is, consider the vector defined, at interior points, by the equation 


A=lim A* , 


$0 


and let, for these interior points as well as for exterior points, the equa- 
tion 

B=curl A 
be the definition of B within the body. The relation 


div A=div lim A*=lim div A*=0 


6-0 6=0 
then follows from the calculations which establish the relation 


lim V@*=V lim 6*=Ve , 


6=0 5-0 


since it was there shown that for integrals of the type which occur both 
here and in the previous instance, the operators 0/dx and lim can be 
permuted. For the same reason the relation [né 


lim Be liicurl Ate lim M 
850 8-0 8-0 


reduces to the form 


Heips cumiabisind av 


5-0 5-0 3 
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or, since M is assumed sensibly constant throughout the ó-sphere, 


lim B*=curl 4-2 M. 


6=0 


The vectors B* corresponding to two different choices of 6 differ by 
the effect of all the charges contained in the spherical shell bounded by 
the two spheres. The contribution to B* from the moving charges in 
this spherical shell can be calculated directly from the fundamental 
equation 


= 1 j . Ti 
pup 2| ei, z] , 
where ri points from e; to the place where B is being calculated. When 
the summation is extended over the symmetrical arrangement of moving 
charges which (since i and M are assumed sensibly constant over this 


region) exists within the spherical shell in question, the result is zero. 
The value of B* is thus independent of à, and 


B* = curl 4-2 M. 


If the vector A be written in the form 


IT Corl Mags ^ ; 
ra oo ae dr +h fim ,njde , 


the first integral is, at interior points, improper. However, the equation 
(132) — V?A =i+ curl M 


may be obtained, a component at a time, by applying the differentiation 
scheme developed in $ 21 for the analogous integral 


Moreover, since, 
curl curl A= —V?A--V div A, 


and since the vector A has zero divergence everywhere, equation (132) 
may be written in the form 


curl B — curl curl A=i+curl M , 
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a relationship which corresponds to the second-order partial-differential 
equation 
V?b--—p 
in electrostatics. 
The relationships just developed are collected here for reference. At 


all points, both interior and exterior, the vector potential A is given 
by (123) or (124), and 


(133) div A=0, 

(134) curl A=B, 

(135) div B=0, 

(136) curl B=curl curl A=i+curl M , 
(137)  B*-on 4-2 M. 


The components of A are given by integrals entirely similar, ana- 
lytically, to those occurring in the expression for the electrostatic po- 
tential #. It thus follows from previous arguments that A is continuous 
everywhere, while across the surface of a body 


(89 + (35) =-[M,n], 


where, for example, (0A/ðnı)ı means the limit of 0A/dm, as the point 
at which the derivative is taken approaches the surface from the side 
into which n, points; and where n is the exterior normal to the body. 
This equation is usually written in the abbreviated form 


0A ðA 
(138) LOIN v 


ae iit [M ,n]. 

From an argument similar to that used for , it also follows that the 
vector A is regular at infinity, vanishing as 1/r. The previous proof 
that there is but one function satisfying the schedule of conditions (I) of 
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§ 21 also proves, considering one component at a time, that there is but 
one vector satisfying the conditions 


a) V-A=-—(i+curl M) , 
b) A is continuous, 


(IIT) ðA ðA 
c) a Go —[M,n], 


d) A is regular at infinity. 


It therefore also follows that if a vector be found from the conditions 


a) curl curl A=i+curl M , 
b) A is continuous , 


(III) aA prodi à 
c) BELA [Mn] ) 


d) A is regular at infinity, 


this veetor, if it also satisfy the condition that its divergence vanish, is 
the unique solution and hence the vector potential sought; for when 
div A—0, the two quantities curl curl A and —V?A are the same. 

§ 44. The Vector Potential Due to an Infinite Cylindrical Shell of Cur- 
rent.—As an illustration of the use of the foregoing equations, the vectors 
A and B will be calculated for the case of an infinitely long cylinder of 
radius R on which there is a surface current of density l per unit area, 
directed parallel to the axis of the cylinder. This surface current may be 
thought of as an actual moving sheet of charge, or as the superficial as- 
pect of a volume magnetization, directed, at every point on the surface, 
normal to the radius at that point. 

For the sake of variety, the schedule (III’) will be solved. This ne- 
cessitates writing the components, in co-ordinates other than rectangular, 
of the curl of a vector. Now from Stokes’s law may be written at once the 
relation 


(139) cudd Aii | i f Ads) 


ER hos k 
where curl, A is the component of curl A normal to the elementary 
area o around the perimeter of which the line integral is extended. The 
direction along this perimeter used in calculating the tangential compo- 
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nent A, is related to the direction of n by the right-hand screw rule. 
The foregoing equation is analogous to the equation 


div A=lim | tf aie | : 
7T=0 


and, like the latter, is independent of any system of co-ordinates. It 
may be used, therefore, just as was the latter, to determine the com- 
ponents in general orthogonal curvilinear co-ordinates of the vector 
- which it defines. The equations so obtained, namely, 


ur yes " 064A, eA, 
a SA Ov bw]? 


7 ae 1 deA MA, 
( 140) curl, A= A 351 ee) ; 
1 JOGA, 0A, 
ae BL uelle qu ‘) 


reduce, for cylindrical co-ordinates, r, 0, z, to the equations 


eu 1 OA z orAg 
ee i 00 — e ) 
OA, OA, 
curly A= Soo ET , 
orAg OA, 
curl; A== “(2 » sae ae 


In the case here considered it is clear, from symmetry, that 


OA OA 
aa 0v cei 0, 
so that 
curl, A=0 
url arida 
ae ON 
curl, A= lor As 
or 
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Hence, applying these equations again, 


curl, curl 4- Is a A tr) x 


A r or ^ * dz. ar 
912089 
curl, curl A= —— 3, do, 
1 ð ð 
curl, curl A= Ls r pr Za. 


Now since A may be expressed, through the integral form, as the sum 
of vectors all of which are parallel to z, it follows that A, is the only 
component of A. Thus, 

curl, curl A=0, 

curls curl A=0 , 


120 9 
curl, curl A=— 2 re Pig 


The schedule of conditions (III’) thus reduces, since one suposes that 
i+curl M is zero, to 


b) A, is continuous, 


JAAT (9A9 d 
: GR - ).- l, 


d) div A=0. 


For a cylinder whose length is actually infinite, the regularity of A at 
infinity cannot be assumed, since the proof of regularity depends upon the 
possibility of inclosing all the charges within some finite volume. In the 
equations just writtén the subscripts o and 7 refer to the values of A, 
outside and inside the cylinder. From (a), 


A,=a log r+b , 
which, together with A,— 45—0, satisfies (d). From (b), it follows that 


inside the cylinder a must be zero. 'Thus 
(Aj)i;—b; ) 
(A,).=a log r+, , 
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so that, from (c), 


I 
| 
~~ 

. 


DIS 


Thus 
1 2PM dy 
(A2, Rl log -+b = 77 log —+b, , 
where J ==27Rl is the total current passing along the cylinder. Using (b) 
again, 
(A,);=bi=(Az)o= 2. log Lb, 


when r=R, so that 
(4b; 2 bee gb. 


Now B=curl A, so that B; is zero, while at outside points the only 
component of B is 


DAT OF 
clin =( ar l-i’ 


so that the magnitude of B is constant on circles concentric with the 
cylinder, the direction of B being tangential to these circles. 

$45. The Schedule of Conditions on B: Analogy between Electro- 
statics and M agnetostatics —The vector potential A has been seen to be 
analogous to the scalar potential 4$. The conditions on the vector A, 
which have been found above, will now be translated, through the rela- 
tionship B —curl A, over into the vector B, in order further to exhibit 
the close analytical analogy between the fundamental equations of 
electrostaties and magnetostatics. 

Since the vector A is continuous across any surface, it follows that 
the derivatives of A in directions tangential to the surface must also be 
continuous. For suppose that in some direction h tangential to the sur- 
face the derivative is not continuous across the surface. At two points 
P, and P; lying very near each other, but on opposite sides of the 
surface, the values A; and A, of A may, since A is continuous, be 
made as nearly equal as is desired by choosing P; and P; near enough 
together. Starting at these points, and going a distance d in the direc- 
tion A, the values A; and A, which will be reached cannot, since the 
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derivatives in this direction on the two sides of the surface are supposed 
unequal, be made to differ by as little as desired.. The known continuity 
of A is thus contradicted, and the assumption that the tangential deriva- 
tive is discontinuous is proved untenable. 

The component normal to the surface of curl A is made up, how- 
ever, of derivatives taken along directions tangential to the surface. It 
therefore follows that the normal compo- 
nent of B is continuous across the surface. 
Thus 


Bn, +Brn,=0 ? 


where n, and n, are oppositely directed 
normals to the surface; or, in vector form 


(B, ni) - (B, Nz) =0. 
Fia. 43.—The surface sepa- 


ne oa) 2002 is dream Let h be tangential to the surface and 
with a finite thickness, so as 


to separate the actually coinci- in the direction of [M,n], and let sı and s; 
dent vectors S, and Sb». be tangential to the surface, on its two 

sides, in à direction s which is normal to 
h, and so chosen that n, h, and s form a right system (see Fig. 43). 
Then 


SAn JAn 
CUM heim aks 
so that 
9A, 0A, 
Olas. dh. 
dA, OAn, 
B., Om oh’ 


where B,, and B,, are the limiting values, on the two sides of the sur- 
face, of the component of B in the direction s. Hence, subtracting, 
and noting that two terms cancel on account of the continuity, across 
the surface, of the tangential derivative of any component of A, 


| EE 
(141) BADIA Fus is 
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the last step following from the general relation 


If one now writes, for the values of B on the two sides of the surface, 


B,=Bn+Bs,+Bn , 
B,=Bn+Bs,+Bn , 
where the notation itself expresses the fact that the components of B 
normal to the surface, and in the direction of [M,n], are continuous 
across the surface,* then 
[nB] = [n Bn] sn [n1,B5,] aF [n Bh] , 
REMI. [ns,B 5] ar [n2,Bs,] " [5,B 5] , 
[ns,B] = [nz Bn] + [nz Bsz] +[n2,Bal , 
so that, by adding, 
[n1,B]+[n2,B] = [n3,Bs,] — [n3,Bs1] . 
The right-hand member of this equation is a vector whose magnitude is 
B,,— B, and whose direction is the direction of [M,n]. Hence (141) 


may be written 
[n1,B] 4-[n5,B] ^ [Mn] . 


Finally, since A vanishes at infinity as 1/R, the vector B, which is 
formed from the derivatives of A, is regular at infinity, and vanishes as 
1/R?. The conditions on B are thus 


curl B=i+curl M , 
div B=0, 
(IV) (n,,B) - (n;,B) 20 , 
[nı B] -[n, B] - [Mn] , 
B is regular at infinity, 
the first two of these equations following directly from the relations 
B —curl A and curl curl A=i+ curl M. 


* See Part III, Problem 7, of this chapter. 
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In order that one may exhibit, in as complete a form as possible, 
the analogy between the electrostatics and magnetostatics it is neces- 
sary, at the beginning, to subdivide the bodies in an “analogous” way,* 
i.e., so as to throw the burden of the description, in each case, on the 
same set of densities. For this reason the electrostatic equations will be 
written down as though the bodies had been so subdivided as to exhibit 
volume densities of charge and polarization and a surface density of 
charge, the polarization term then being analytically merged with the 
volume and surface density of charge terms. The formula for ® then 
would read} 


p—div P div P 
i r 


eae 


(142) ğ= dr +E 


Analogously the body, in the magnetostatic case, will be so subdivided 
as to exhibit the three analogous densities, namely, volume densities of 
current and magnetization, and a surface density of current. As above, 
the ‘magnetization term is. then to be analytically merged with the other 
two terms, and the formula for A reads 


(143) ; » CM dias ia pe 
T r 


Formulas (142) and (143) may now be re-written so as tò furnish the 
basis for the formal analogy by writing 


div P=(V,P) à 
P, 2 (n, P) , 
curl M=[V, M]. 
Then 
(144) 4r = f Es nem f Bud dM 


* See remarks just below Fig. 41 of $ 40. 
T All primes will be omitted in these formulas, to exhibit as simply as possible the 
analogy of form. 
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One can pass from one of these equations to the other by interchanging 


Aand, BandE, 
iando, [Jand' ();, 

—M andP, () and[]. 
land 7, 


Since the mathematical formulation of electrostatics and magneto- 
statics is largely obtained from equations (144) and (145), respectively, 
- the analogy just set forth persists throughout. In fact, 


hat rmt len E a VA- — {i+[V,M}} , 

® is continuous A is continuous, ` 
aP), © SEAL uM), 
vanishes at œ as 1/R; A vanishes at œ as 1/R, 
(V,E)=p—(V,P) , [V,B] - i--[V,M] , 

[V,E] -0 , (v,B) 20, 

(n E) + (Ó,E) 7 54- (n;P) , [n,,B] 3-[n4,B| =l- [n, M] , 
[nE]--[n;E] 2 0 (71,B) + (m,B) =0 , 

E vanishes at oo as 1/R?; B vanishesat © as 1/R?. 


'The analogy can be artificially made more complete by interchanging 
the two vectors which appear in every vector and scalar product. This, 
since it changes the signs of the vector products and does not affect 
the scalar products, brings all signs into agreement without requiring 
that —M be analogous to P. Such an expression, however, as (P,V) is 
objectional from an operational point of view; and the fact is, as appears 
from a comparison of the equations, 


P 
eR 
E*- EA, 

2M 
*—nDIL-i 
B*-B-^., 


that — M, and not M, is actually analogous to P. 
§ 46. The Force and Torque on a Complex and on a Ponderable Body.— 
The force on a single moving charge due to a complex of charges is ex- 
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pressed, through the foregoing equations for F, B, and A, in terms of 
vectors j and m, which are characteristic of the complex. The total 
force and torque on a complex 2 due to a complex 1 can be expressed in 
terms of the j and m vectors characteristic of complex 2, and the B 
vector due to complex 1. Let charges e; be moving with velocities vj in 
complex 2. Then the total force on 2 is 


= Z[ewi, Bil, 


where B; are the values at the positions of the charges e; of the B vec- 
tor due to 1. These values Bj may be expressed in terms of the value 
B, of B at a point O within 2, and in terms of the successive deriva- 
tives of B taken at this same point and in various directions. Indeed, 


ðB 
Bi- Bo li (5). Nene 


where l; are the vectors which locate the charges e; with respect to O. 
If the complexes are separated a distance which is large compared to their 
own dimensions, the foregoing expression will be rapidly convergent, 
and the higher-order terms may be disregarded. This value for Bj gives, 
upon substitution, 


p^ €iUj 1 / oB 
r-z| : A ais >| ei, (Sr) | : 


The term 1;(0B/dl;)) may be written in the equivalent form (l;V)B, so that 
the second term in this expression for the force has an z-component equal 
to 


(146) : Dei (li,VB.) -1 Le 2i(li,VB,) , 


where z;, ji 2; are the components of vi. It has been previously shown 
in $ 40, however, that 


(147) Ze;vi(li,r') = — cr',m| . 
so that, for exainple, 


Zea] lir) = —c(ram,—r.m.) . 
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Each term of (146) is of the same form as the first member of this last 
equation. Thus, (146) reduces to 


9B, |, Bs 
" Ox * or — 


e 


—» e ðB 
oy TE 


e) ph 
Since, however, both div B and curl B are zero, this may be re-written 
as 


9B, OB, ob, 
Ox anti oy T ms oz 


T, 


which is the z-component of 


(m,V)B . 
S 
The force on complex 2 due to complex 1 is thus 
(148) F=[j, B|-- (m,V)B , 


where the value of B is taken at the point with respect to which m is 
defined and is due to all charges except those of the complex the force 
on which is being calculated. 

'The torque on complex 2 is 


T= >[li,F i] ) 
where 


1 
fines [e;vi, Bi] . 


If, as a first approximation, Bj is set equal to Bo, it will be found that 
the resulting value for T involves m, the magnetization of complex 2. 
It is therefore not necessary to take into account the variation of B, the 
term which would result from such a calculation being a negligibly small 
one involving the “‘supermagnetization” of complex 2. Thus, 


r-z|i. ES B| | | 


Ta, Bj pz (4, ez) ; 
C (E 


or 
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The coefficient of B in the last term is one-half the time derivative of 
Z(li,eli/c), and can, by arguments similar to those indicated for a similar 
expression in § 40, be shown to vanish. The first term is similar to the 
left member of (147), with B written for r’. Thus 


(149) T= —[B,m|-[m,B|. 


It has just been seen that the torque and force on a complex is given 
in terms of the j and m characteristic of the complex. It may be 
shown (the argument being closely analogous to that previously used in 
the electrostatic case) that the continuous densities i and M, character- 
istic of a ponderable body and obtained by an averaging process from the 
vectors ji and m; characteristic of the subcomplexes of the body, are 
useful not only for describing the A or B due to the body, but also the 
total force and torque on the body. Indeed, the extension of the foregoing 
expressions to the integral forms expressing the total force and torque on 
a ponderable body clearly leads to the following equations: 


(150) F= {[i,Bldr-+ f (M, V) Bd- , 
(151) T= {{M,Bldr+ f[r,[i,B]ldr+ f[r, (M;V)Bldr , 


where r is the vector ending at dr and beginning at the point to which 
the torque is referred, and where B is due to all bodies except the one 
the force and torque on which is being calculated. The densities M and 
i as well as the field vector B are all functions of x,y,z, the variables of 
integration. The first term in the expression for T is the sum of the 
vector torque on the individual subcomplexes into which the body is 
divided. The second and third terms represent the contribution to the 
total torque due to the forces on the individual subcomplexes. 


PROBLEMS FOR PART III, CHAPTER III 


1. Find the B vector due to an infinitely long straight wire, of small 
cross-section, carrying a current J. 

2. What is the B vector at any point on the axis of a plane circular coil 
of wire carrying a current I? 

3. What is the B vector at any point on the line perpendicular at its 
center of gravity to a rectangular coil of wire? l 

4. What is the B vector at points on the axis of a long solenoidal coil of 
wire carrying a current J, there being n turns of wire per unit 
length of the coil? 
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. Equation (127) may (see Appendix, § 5, D) be written: 


(rus 
RES Eu R3 / 
B= ers 3 aa 


so that the B vector appears as the negative nabla of the potential 
due to a certain double distribution over a surface terminated by the 
current-carrying circuit. This distribution is called a “magnetic 
double shell," and is treated at length in many texts. 

j. Show (see Appendix, § 5, D) that the vector potential due to a linear 
circuit may be written: 


A =f |^ Vv’ je j 
4m AN 


where the surface integral is carried over a surface terminated by the 
circuit in question. 

. Referring to $ 45, show that: 

|.0A, , 0A, 


B,,— Bn, AN on, ier 


) 


and hence argue that the component of B in the direction of [M,n] is 
continuous as one passes across the surface between two bodies. 

. Many writers use, besides B, a second magnetic vector H-B/y. 
Show that, across the boundary between two magnetizable bodies: 
a) The normal component of B is continuous. 

b) The tangential component of H is continuous. 

. In $37 the energy of a configuration of conductors and dielectrics 
was calculated. The form of the final result has served as a basis for 
adopting E?/2 as the “volume density" of electrostatic energy. By 
the aid of the above analogy, show how B?/2 is similarly related to 
magnetostatic energy. 
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INTRODUCTION 


In the same sense that the first three parts of this chapter correspond 
to the three parts of chapter 1, the present part corresponds to the treat- 
ment, in chapter ii, to the polarization of a dielectric and the relation 
between polarization and electrostatie intensity. 

The last two sections of Part IV call attention to the fact that in a 
general magnetostatic problem the Coulomb forces have to be taken into 
account, as well as the forces specifically associated with the motion of 
the charges. This inclusion of both types of force is illustrated by two 
problems. 

§ 47. The Relation between B and M: Diamagnetism, Paramagnet- 
ism, and Ferromagnetism.—If a dielectric which is not inherently and 
permanently polarized be placed under the influence of charged bodies, 
this dielectric will become polarized, the vector polarization being propor- 
tional to the total electrostatie intensity, namely, 


(152) P=(e-l1)E. 


Analogously, if a body be not inherently and permanently “magnetized” 
(i.e., if the magnetization M vanish at every point when the body is 
not in the neighborhood of moving charge), it may happen that this body, 
when placed near moving charge, will become magnetized. The way in 
which the resulting value, at any interior point, of the magnetization M 
depends upon the value, at that point, of the B vector can be deter- 
mined experimentally. The torque on a magnetized ellipsoid, for ex- 
ample, can be observed experimentally, and, B being known, the value 
of M computed from equation (151).* It results that if the relationship 
be written in the form 


(153) M= (1-2) 1 


* This calculation is greatly simplified by the fact that a homogeneous ellipsoid 
magnetizes uniformly in a uniform B field, just as a homogeneous dielectric ellipsoid 
polarizes uniformly in a uniform E field. 
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or, more closely analogous to (158),* 


-M- (2-1) B, 
m 


there is a class of bodies, called “paramagnetic,” for which u is a con- 
stant greater than 1; a class, called “diamagnetic,” for which u is con- 
stant and less than 1; and a class, called “ferromagnetic,” for which u 
is variable and very much greater than 1. The quantity & is called the 
magnetic permeability of the substance in question. t 

In the case of a magnetized body carrying no true volume current, 


J]^ , 7 
AS curl’ M "YD [M’ ,n] Ys 
4r r 4r f: 


so that \ 
V?A— —eurl M. 


But, since div A—0, curl curl A and —V?A are equivalent, so that 


curl curl A— curl M , 


or 
curl (B—M)=0. 


Since, however, for either paramagnetic or diamagnetic bodies B is pro- 
portional to M, it follows that, 


curl B=0, 
curl M=0. 


Thus paramagnetic or diamagnetic bodies are magnetized in such a way 
that the curl of the magnetization vanishes, just as, in electrostatics, the 
divergence of the polarization vanishes. 

If a paramagnetic or diamagnetic body be placed in a uniform external 
field equal, say, to B°, then 


M- (1-5) (B°+curl A) , 


* This is a further illustration of the fact, pointed out in $45. that the vector 
— M is analogous to the electrostatic vector P. 

1 When one views —M as analogous to P, then diamagnetic bodies are analo- 
gous to dielectrics. 
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where A is the vector potential due to the magnetized body itself. Then 


curl M=0= (1-5) curl (B°+ curl A) = (1-4) curl curl A, 


so that 
V2A—0, 


and the analysis of $ 35 and $ 36 may be used, with a change in notation, 
for the case of the magnetization of a body in a given uniform external 
field, and for the cases in which a body magnetizes uniformly. In par- 
ticular, it follows, as was just mentioned in a footnote, that an ellipsoid 
magnetizes uniformly in a uniform field. 

$48. A Rotating Conducting Sphere in a Uniform Magnetic Field.— 
This chapter has been primarily concerned, thus far, with the forces be- 
tween charges which are due to their motions. It is, in general, neces- 
sary to consider not only these “magnetic” forces, but also the Coulomb 
forces. In fact, the Coulomb forces, even in so-called ‘electrostatic 
problems," are acting on moving charges. An electrostatic problem is 
not, strictly speaking, a static problem, but merely one in which the 
effects which are caused by the motions may be disregarded.* If one ex- 
amined, for instance, a very small element of volume he would observe 
within this element moving charges. He could not decide, from an ex- 
amination of this one element, whether the motional effects could be dis- 
regarded or not. But, in any event, he would take the Coulomb forces 
into account. 

The Coulomb forces have not been in specific evidence so far in this 
chapter, since it has dealt only with the motional forces. If, for example, 
the Ampére experiments could be and had been carried out on current 
elements consisting of flights of electrons, it would have been necessary 
to consider Coulomb forces from the beginning. The Ampére experi- 
ments were, however, carried out with currents flowing in metal wires, 
where the amount of moving negative charges in every volume element 
is sensibly equal to the amount of comparatively stationary positive 
charge. The Coulomb forces are, under these circumstances, zero. 

This and the following section deal with problems which require the 
consideration of both the Coulomb and the motional forces. The first 
of these problems is that of a conducting sphere rotating uniformly in a 
uniform magnetic field. 


f Except, of course, in so far as the motional effects may be partly responsible for 
the fundamental assumptions which are used. 
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From the definition of current as moving charge it follows at once that 
when a body is uniformly rotated about a fixed axis, the charges of the 
body form closed circuits of current, and if the body be symmetrical 
about the axis of rotation, and if the body be located in a uniform ex- 
ternal B field which is parallel to the axis of rotation, it is clear that there 
will be a symmetrical distribution of the charge of the body, and ac- 
cordingly a steady state of current distribution. Any charge e of the 
body will be acted on by a force e[v,B]/c and also by the electrostatic 
force eE which arises from the abnormal distribution of the charge. 
The potential and the distribution of charge will now be obtained for the 
case of a conducting sphere of radius R, rotating with an angular ve- 
locity œ which is in the direction of the uniform external field B. The 
external field will be assumed to be large compared to the change in it 
caused by the rotating charges of the body, so that this change will be 
neglected. 

Certain points involved in this section deserve special attention. In 
the first place, in a problem involving both Coulomb and magnetostatic 
forces, many, but not all, of the equations of chapter ii are available. 
The Coulomb force is the negative nabla of the scalar potential &. This 
potential is given by the integrals, written-in chapter ii, in terms of p, 
n, P, and p. Thus, all the analytic consequences of the integral repre- 
sentation are still available for use in this more general situation. The 
only relations which are no longer available are those which result from 
the electrostatic assumption that the total force on a charge is zero, and 
that this force is given, per unit charge, by the electrostatic intensity E 
(corrected by the addition of P/3 in the case of dielectrics). Thus, the 
equation V/$ = —p is still available. In the case of conductors, however, 
the interior condition E —0 and its consequences ¢ = constant and p=0 
are no longer valid. 

In the second place, the equilibrium relation 


E+ [v,B]=0 


requires careful consideration. In chapter iv it will be seen that the 
division of forces into "electrical" and “mechanical” is a choice resulting 
from method of treatment, rather than from basic difference in kind. 
Individual electrical forces combine to produce macroscopic forces whose 
nature permits simplified treatment, and which are called “mechanical” 
forces. In the problem here considered, two forces on charge are recog- 
nized as electrical in nature—the force due to movement in the external 


223 


§ 48 


THE ELECTROMAGNETIC FIELD 


B field and that due to abnormal distribution of charge on the sphere. 
If this sphere were rotating, with the same angular velocity o, and the B 
field were not present, then the problem would be a purely mechanical 
one. Any "particle" of the sphere would be acted on by such a “‘mechan- 
ical" force as would cause it to move with constant speed in a circle. In 
the actual problem, then, the two foregoing electrical forces act in addi- 


Fic. 44.—A conducting sphere ro- 
tating with angular velocity w about the 
direction of an applied external field B. 


tion to the mechanical force. If 
the two electrical forces have a zero 
resultant, the sphere acts exactly as 
it would if no field were present; i.e., 
the mechanical forces cause each 
particle of the sphere to-move with 
constant speed in a circle. And once 
rotating with the angular velocity 
w, the sphere continues indefinitely 
to do so. To sum up, then: there 


- are present both electrical and me- 


chanical forces. The latter are just 
such as to produce the desired 
motion, and the former thus have 
a zero resultant. 

Let & be the distance of a point 
of the sphere from the axis of rota- 


tion, so that, if z be measured along this axis, £—2?--3?. Then the force 
per unit charge [v,B]/c, which, on account of its origin, may be called & 
“motional intensity," is in the direction of £, so that, under equilibrium 


conditions, 
E+” [v,B]-0 , 
one has 
NEUE 
Hence 
db, tb 
deny youn’ 
so that 
b eon 
$; =+ 9c p] 
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or 


doni iru 0 l 
c 


where ©, is the potential at the axis. Then 


as is obtained at once by differentiating. There is, thus, a uniform nega- 
tive volume charge throughout the interior of the sphere. To obtain the 
surface distribution of charge from the equation 


ad, ôd 


Ose Om am"? 


it is necessary to know the potential , at exterior points. This exterior 
potential satisfies the relations, 


ve.=0, 
LOL I r=R, 
®, is regular at infinity. 
The symmetry of the problem clearly indicates that the equation 


Vv’, — 0 is to be expressed in spherical co-ordinates, and that $, depends 
only upon r and 6, so that the solid zonal harmonics 


TP a (cos 0) , 
Ju ee 
port” (cos 0) , 


are available solutions (see § 35). It will, therefore, be convenient, in 
order to obtain suggestions as to the proper choice of terms for the ex- 
terior potential, to express the interior potential in terms of the surface 
zonal harmonics P,(cos 6). Now 


3 5 ae" 
P.(cos 0) =5(c0s a) ; 


so that 


: 2 ihe 
sin? 0—1— E P»(cos D+) ox ee P2(cos 6) H 
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thus, 


2 
Po LSPT Or P; (eos 0) . 


Now every term of the sum 
ZA.P. (cos 6)r— "4 


satisfies y?6=0 and is regular at infinity. The form of the interior po- 
tential clearly suggests that the remaining condition 


can be met by choosing 


FETAL 


T 


ÁP» (cos 0) 
E aiia 
» 
The values of Ao and As are then easily calculated, the resulting value 
being 


1 3 
ote o a ges 


PrbeaséUec "4 (cos 0) 5 


If the total charge e of the sphere be known, rather than the poten- 
tial at the axis, the condition* 


gives, since] 


(155) TB. (cos 0)de -0 , nz, 
the result 

Eo i pg 

a (su: wBR ) ; 


* Note that this is an application of Gauss’s Theorem. 
1 This equation is obtained from the fundamental relation ES P(r) Pm(x)dx =0, 


mæn (see Byerly, Fourier Series and Spherical Harmonics, p. 171, § 91) by setting 
m=0. 
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Thus, if e=0, 
A ed 2 
$= 3, BR : 


If, on the other hand, o be zero, the total amount of charge brought to 
the sphere by grounding the axis is 
em ge wBR? . 
3c 
Since both the interior and exterior potentials are now known, the surface 


density of charge can be found at once from (154). Thus, for the case of 


zero total charge, 


n= -22E ({3- 5 cos? 0) . 


N 


The surface density changes sign at the zone 
2 _3 — 2Q° [i 
cos’ 0—z , 0—39^14' , 


Since 7 may be written in the form 


_2wBR 5 one 
pg: DES 


P; (cos 0) , 


the total surface charge is, remembering (155), 


2 oBRXV | 8ro BR? 
$m 
ge k c )- Sc 


while the total volume charge is 


2wB | 8ro BI? 
eoi ris de 5 eo eae 
S ue(- c )- Spe 6 


$49. A Dielectric Sphere Rotating in a Uniform Magnetic Field.— 
As a further illustration, consider a problem which differs from the one 
just solved only in that the sphere is now formed of a dielectric material. 
The polarization at any point is proportional to the total force per unit 
charge, i.e.,* 


(156) P=(e-1) [Ee v.81 | 


* The calculation in the preceding section indicates that the solution to such 
problems is to be obtained by setting equal to zero the resultant of the electrical 
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However, for an ideal dielectric, 
div (E+P)=0 , 


so that, substituting 


or 


div EOD raga sii div nog) 


As noted before, moreover, the direction of [v,B] is normal to the axis of 


rotation, and its magnitude is wB or wB V/2?--y?, so that 
div [v,B] 2 2eB . 
Thus the interior potential satisfies the equation 


€— 


(157) via A lo pa 


Ce 


and the exterior potential, the equation 
(158) V°d,=0.. 


It remains to find the conditions that 4; and ®, satisfy on the boundary 
of the sphere. Equation (83), namely, 


(P+E)n,+(P+E)n,=0 , 


forces, the required motion then being caused by the mechanical forces. A casual 
reading of the present section might lead one to think that, in the case of a dielectric 
sphere, this vanishing of the electrical resultant is not necessary. To be sure, there 
is not written in this section an equation which states explicitly that the total electrical 
force vanishes. However, the proportionality between polarization and electrical 
intensity is based upon the idea of the balance of two electrical forces—the “external” 
electric force and the "internal" electric force which opposes the shift of charge. 
Thus in this problem three forces are recognized as electrical: the two of the previous 
section and the internal electrical force just mentioned. The proportionality between 
polarization and the total external electrical force is, in point of fact, equivalent to 
the vanishing of the total electrical force. 
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reduces, since P is zero at exterior points, to 
(E,),—(P,+E,),=0. 


However, 
[v,B],=wBé sin 0=wBr sin? 6, 


so that, from (156), 


in? 
Pe (1 | EE] 


and, substituting, 


-1 
(E,), (E), — eRB sin? 0, 


or 


ab; 9A _e—1 E. 
(159) € m. - CN F wRB sin? 6. 


The potential is continuous, so that 
$=, , r=R , 


and is regular at infinity. These last two conditions, together with (157), 
(158), and (159) above, serve to determine uniquely the potential. 

'The boundary condition (159) indicates the use of the surface zonal 
harmonie P2(cos 0). The expression 


$;— A+ Aor’P2 (cos 0)+Cr? 


will therefore be assumed for interior points, the term Cr? being added 
since V’@; is not zero. From the foregoing expression it follows that 


v?b;=6C , 

so that 
e—lwB 
UR ie 


For the exterior potential will be assumed the expression 
B, , B. 
$m. P, (cos 8) , 
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the form of which is indicated by the interior potential. Suppose that the 
total charge of, the sphere be zero. Then 


Ob, s 
if or do —0 , 


Bi=0 . 


or, from (155), 


This condition that d is continuous across the surface of the sphere gives 
the results 


Also, 


é (2) SSRA ere (cos 6)--2«RC , 
r= 


-ARA(1-; sin 0) +2eRC | 


(555) 1 55: P (cos 0) , 
r-R 


or R* 
loro NE: e 
iiai (1 5 sin o) 3 


Substituting these values in (159) and equating the coefficients of 
like powers of sin 0, 


B .21—eHB'oB. 
?^3 ce +3’ 
21—e wB 
A MP se 
so that 
OBET Dr esti: "n more 
Pr | 3e s rg (sin í ale 
pine 
2 es 
PET d 3) 


UEFA PRU cor EA REC 
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PROBLEMS FOR PART IV, CHAPTER III 


1. Calculate and discuss the volume and surface densities of charge . 
— div P, and P, for the rotating dielectric sphere whose potentials 
are given by the last two equations of § 49. 

2. Given that, in ordinary or c.g.s. electromagnetic units, 


1 1 
Mos ->(I -+ Bona D 


show that the measure of permeability is the same in rational and in 
c.g.s. electromagnetic units. 
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Part V—SmEApY CURRENTS: Oum’s Law 
INTRODUCTION 


This part contains the equations which govern the flow of currents 
in matter that is not sensibly polarizable or magnetizable. The impor- 
tance of Ohm’s law as applied to linear circuits is too well known to re- 
quire emphasis. Problems of current flow in volume conductors have 
recently acquired new and larger interest and importance ‘on account 
of their applications to geophysics. The analogy between such problems 
and the polarization of dielectrics is pointed out. The part concludes by 
listing the solutions of several classic problems in three-dimensional 
flow. 

§ 50. Steady-State Currents in Conductors: Ohm’s Law.—The fol- 
lowing two sections contain those further developments of the theorem 
of magnetostatics which apply to bodies which carry currents, but for 
which the value of u is very nearly or exactly equal to 1, so that magnet- 
ization effects play no róle. It has been found, in the electrostatic case, 
that all points of à conductor are at the same potential. If, however, 
two points of a conductor are maintained at different potentials (the 
cause of the potential difference not being important for the present), 
the situation is no longer a static one, there being a movement of elec- 
trons through the conductor from the point of lower to the point of higher 
potential. Such a movement of elementary charges gives rise to a cur- 
rent, as has been seen in the previous sections, the direction of the cur- 
rent being opposite to the direction of flow of electrons. When a current 
flows in a conductor there are always two effects produced: (1) the so- 
called ‘‘magnetic forces," which have been considered above, are ex- 
perienced; and (2) heat is developed in the conductor. 

Suppose that the conductor under consideration be a wire of small 
cross-section g, and that one end A of the wire be maintained at a 
higher potential than the other end B. Under these circumstances elec- 
trons will move along the wire from B to A, and if the potential differ- 
ence has existed sufficiently long for a steady state to be set up, the 
same number of charges pass, in unit time, any cross-section of the wire. 
If the average drift velocity of the charges be v, and if ? be the volume 
density of current measured in electromagnetic units (namely, 1/c times 
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the amount of charge in electrostatic units passing along the wire per 
unit cross-section per unit time) then 


cqi=Neqo , 


where N is the number of moving electrons e per unit volume. 

Now when a charge e is moved through a potential difference dé, 
it follows, from the definition of the potential, that the amount of work 
W done on the charge is given by 


W=ed®. 


Therefore, since the moving electrons which constitute the current 
move, per second, through a potential difference given by 


Nisam 
dam 


the work done by the charges per second per centimeter of wire is 
de 
—Neq a v—qiE, . 


In the last two expressions for the work done by the charges, the forces 
eonsidered are those due to distant charges. The expressions thus 
tacitly assume that the forces due to the nearby charges do, on the average, 
no work. Those moving charges which constitute the current would also 
give rise to magnetic forces; but these forces are always normal to the 
velocity of the charges acted upon, and hence do no work. Accordingly, 
they do not need to be considered in the foregoing expressions. Thus Q, 
the work done per second per unit volume, is given by * 


Q=71cF . 


Experimentally, however, it is found that this amount of work, which 
appears as heat, is proportional to E?, so that, writing o as the factor 
of proportionality, T 

Q-icE-cE*, 


* Since a linear circuit is under consideration, it is unnecessary to distinguish 
between E; and E. 

1 The Greek letter ø is used very widely for conductivity. It is also used, in this 
book, for surface area. The two uses are so obviously distinct that no confusion 
should result. 
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or 


(160) dye s 


This last equation may be written in the form 


ds 
qc 


cqi — Eds , 


where ds is an element of length along the wire. Then 


T l l 
cqi lh bd ayahi Cl ar cae ie 
zf ^ qc A 1t ds Ecl spa p 


so that writing I for l/qo, and I for qi, 
(161) $.—dop-cRI. 


The relationship (160), between the current density 7 and the potential 
gradient E, or its equivalent (161), between the total current and the 
total potential difference $4—4dg, is known as Ohm's law; R is called 
the resistance of the wire, so that the resistance of the wire is seen to de- 
pend directly upon its length, inversely upon its cross-section, and in- 
versely upon the value of ec, which quantity is known as the specific 
conductivity of the material. According to (160), o is the propor- 
tionality factor between the electrostatic intensity H and the current; 
in rational electrostatic units, ci=pu. That is to say, o is measured 
in rational electrostatic units (see Part V, Problem 1 of this chapter). 

Ohm's law has been stated above in scalar form as applied to a linear 
conductor. It is found experimentally, however, that in a uniform iso- 
tropic medium an immediate extension of the same law, namely, 
(162) dé 

c 

holds in vector form, where o is a scalar constant characteristic of the 
conducting material, and where i is the volume density of current. In 
the steady state of volume distribution of current, the net rate at which 
charge is leaving any closed region T of surface Z is zero, since charge 
cannot heap up in any part of the conductor, i.e., 


f i,do= f div idr=0. 
2 
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Since this equation can be applied to an arbitrary volume T, it follows 
that the steady state is characterized by the relation 


div 10. 
or 
ane cM Vb=0, 
Cc Cc 
(163) V°b=0. 


This last equation furnishes a basis for the determination of ®, E, 
and i for steady currents. To characterize the potential uniquely, 
however, it is necessary to add to the relation (163) the relations which 
$ must satisfy on the boundaries of the region under consideration. 
Across the boundary between a conductor and a dielectric no flow of 
charge can take place, so that 2, —0, or 


od 
(164) YA 0, 
the quantity on the left meaning, as usual, the limiting value of the nor- 
mal derivative as the boundary is approached (in this instance, from 
within). The normal flow of charge across the boundary between two 
conductors must be, in the steady state, continuous, so that across such 
a boundary 


1.714,77 0 
or 
o ðP 
(165) 01 gu ue ons o7 


where n, and n; are the normals to the surface pointing into the con- 
ductors whose specific conductivities are c; and es». There may also be 
portions of the boundary on which the potential is a known constant, as 
would be the case, for example, if electrodes be maintained at known 
potentials. 

It is important to note that the problem of determining the steady- 
state distribution of current in an infinite conducting medium when elec- 
trodes are maintained at given potentials is analytically equivalent to 
the electrostatic problem of determining the potential due to conductors 
having the form and potentials of the electrodes. If the conducting medi- 
um in which the steady currents exist is not infinite in.extent in all direc- 
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tions, then additional conditions, which have no counterpart in the analo- 
gous electrostatic problem, must be satisfied on the boundary of the con- 
ducting medium. This additional boundary condition, which expresses the 
fact that the flow of current on the boundary must take place in tan- 
gential directions, can often be met by introducing image electrodes, or 
image conductors, in the analogous electrostatic problem. This method 
will be illustrated below. 

Similarly, the problem of determining the steady-current flow when 
a body of one conductivity is immersed in a body of a second conduc- 
tivity is analogous to the problem of the polarization of a body of one 
dielectric constant immersed in a body of a second dielectric constant. 
For the steady-current boundary condition on the surface between the 
two conductors is reduced to that which holds in electrostatics at the 
boundary between two dielectrics by the interchange of o and e. For 
example, suppose that a charge e be located in a medium of dielectric 
constant e, a distance b from a sphere of radius a and dielectric con- 
stant e. If one determines the potential ® at all points for this electro- 
static problem, he has, at the same time, solved the following steady- 
state current problem: a sphere of one conductivity is immersed in. a 
medium of a second conductivity; at a distance b from the center of the 
sphere is located a steady source of current. 

§ 51. The Distribution of Currents in Volume Conductors.*—The ex- 
perimentally important problems concerning current distribution in 
volume conductors can be divided into three types: 

I. The case in which a portion of the boundary of the region under 
consideration consists of electrodes A, B,...., at known potentials 
4, @p,.... . The potential # is then to be determined from the fol- 
lowing conditions 


V’é=0 in the interior, 
$-—4d, on the electrode A, etc., 
e on the remainder of the boundary . 
Let the total current passing through electrode A be denoted by I4, 
etc., so that 


* A considerable portion of the material of this section is taken from the article 
of Debye, Encyl. der math. Wiss., Vol. V, art. 17. See also Riemann-Weber, Die Part. 
Diff.-Gleich., I, 429. 
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if $V!édr =0 


be treated by integration by parts, the result is 


if sa f (v$,v4)d: -0 


where the surface integral is extended over the complete boundary. The 
values of $ and 06/8n on the boundary, however, reduce this equa- 
tion to the form 


$4I 44- 95l p4- NO OT - f: E. -9, 


Then if the integral 


(6 


where Q is the total heat developed in the conductor by the passage of 
the current. Similarly 


o (2 vitdr f dio "T ahs arf (2 ve) de= { 22 ao 
c n c ôn 


so that 


TatiIet+.... =0, 


an equation which expresses the fact that a steady state prevails. 
If there be but two electrodes A and B, 


Ia=—Isg=l, 
and 
i I($,—85)-À A 


The constant & defined by the equation 
® yes o B= cRI , 


or its equivalent 
Q-—cCRTI, 
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is, by analogy with the case of a linear conductor, known as the gross or 
effective resistance of the volume conductor. The notion of gross resist- 
ance clearly does not apply* to the case of more than two electrodes. 

II. The case just considered may be solved more simply provided 
the electrodes (which may now be either interior or on the surface) are of 
dimensions small enough compared to their distances apart so that they 
may be considered isolated point sources of current. In the immediate 
neighborhood of ene of these point sources, where the influence of the 
other electrodes may be disregarded, the flow of current is symmetrical 
about the point, and the total flow out through a small inclosing sphere 
is 


so that the behavior of © in the neighborhood of the electrode is found 
by integration, to be 
a 


4ror ` 


In the case of a surface electrode, the integration is extended over half a 
sphere, so that the factor 2r occurs in the place of 4r. That the elec- 
trodes would constitute singular points of this type is also clear by 
analogy with the electrostatic case. 

The conditions on ® are thus 


Vi$-0 
at all points except at certain interior points A, B,...., and at cer- 
tain points A’, B’,...., on the boundary, where ® becomes infinite 
as 
cla cIg cla cl pg! 
4ror’ Amor) A! 2mor ’ pr t 


The steady-state relation still holds, namely, 
Tatip+t.... tlytig+.... =0. 


It is necessary, however, to take into account the dimensions of the elec- 
trodes in order to calculate the heat developed or, in the case of two elec- 
trodes, the gross resistance. 


* That is, without modification. Partial gross resistances may be defined. 
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III. In case there are circular surface electrodes whose dimensions are 
small compared to their separation distances, the behavior of the po- 
tential é in the neighborhood of one of these disk electrodes is subject 
to the same mathematical conditions as is the electrostatic potential in 
the neighborhood of an isolated charged circular disk. The distribution 
of current over the electrode is thus the same as the distribution of charge 
on a circular disk in the electrostatic case. In fact, the electrostatic prob- 
lem when a very thin circular disk conductor carries a total charge e 
is given by the equations 


a) V’b=0, 
b) $ — constant on the disk, 


P r1 
c) IEZ =O; wi 


the integration being over the surface of the disk. It is evident from 
symmetry that the solution of this problem satisfies the additional 
condition, 


at all points of the infinite plane which contains the plane of the disk 
(points on the disk being, of course, excluded), the derivative being taken 
along either normal to this plane. This electrostatic problem was solved 
in § 29, and it was found that, a¢ross the face of the disk, 


ob — SG 


<= ee ee ae ee 
on 2ral a?—r? 


where a is the radius of the disk, r the distance from any point on the 
face of the disk to the center of the face, and where the disk has been 
considered infinitely thin (and one-sided) so that the total charge is to 
be found by integrating over only one face of the disk. In fact, 


e ? 2ar dr 


— — =e, 
2ra J, Va—r 


Now let a circular disk electrode of radius a be in contact with a 
volume conductor of conductivity c. Let a be small compared to the 
distance to any other electrode, and compared to the radius of curvature 
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of the surface of the conductor at the place in question. One may then 
assume that the current flow in the neighborhood of the electrode is the 
same as it would be if the electrode were in contact with an infinite half- 
space of conductivity c. The analytical conditions for this problem are 


a’) V’b=0, 

b’) $ — constant on the disk, 
poer Ret a 

©) E an —--—lI, 


where J is the current entering the conductor through the electrode in 
question, the normal n pointing into the electrode; and, 


at all points on the plane of the half-space except at points on the disk. 
It is thus seen at once that the two problems are entirely similar. In fact, 
the potential for the electrostatic problem is determined, except for a 
constant factor, by the equations a) and b), the constant then being 
determined from c). Thus the solution of the current-flow problem is 
to be found at once by redetermining this constant, using c’) instead of 
c). One thus assumes 
ob — 1 


an ya 


and it is found at once that K —c//2zca. Thus to pass from the electro- 
static to the current problem, one first replaces e by 2e (which makes 
the disk effectively one-sided), and then replaces e by cl/c. This can 
be accomplished in one step by replacing e by 2cI/c. Thus for the case 
of surface circular electrodes; 


v?$ — 0 at all interior points, 
d6/dn=0 on the boundary except at the electrodes, 
Od e cI, 


L——————————— on the kth electrode. 
9n 2rca,V a —r? 


In the last equation I+ is the total current passing through the kth elec- 
trode, a, is the radius of this electrode, and r, is the distance from the 
center of this electrode to the point under consideration. 
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Many special problems of current distribution have been solved. 
The approximate solution for the case of two small spherical electrodes 
A and B, of radius a and b located a distance l apart in an infinite 
conductor, can be obtained at once. From the remarks made under II 


above it follows that 
CERT ee 
Seas n)" 


where rfa is the distance to the sphere A at which the current J enters 
the conductor, and 7 is the dis- 


: e 

tance to the sphere B at which the E T 
current leaves. By direct substitu- B 
tion it follows that à b-i- 
Fra. 45.—T wo spherical electrodes A 
P and B of radius a and b respectively, 
w 1125 L din 2 located a distance l apart in an infinite 

Pa b ) 
4moNa b l conductor. 


so that the effective resistance of the infinite conductor is given by 


Tue Ep 
tage pip cv) 


'The method of images may be used for the case of a conducting half- 
space, one electrode (a small sphere of radius a) being located a distance 
h from the face of the conductor, the other electrode (a plane parallel to 
the face of the conductor) being infinitely large and infinitely far re- 
moved. The spherical conductor may be replaced by a singular point, 
and the potential written as 


nee aay 

4ro E Ta 

where 7; is the distance to the spherical electrode, and rz is the distance 
to the image electrode (see Fig. 46). It will be noted that the singularity 
and its image appear with the same sign rather than with opposite sign, 
as in the electrostatic case, since here the normal derivative has to vanish 
on the face of the conductor rather than the potential itself. The po- 


tential of the spherical electrode, and hence the potential difference be- 
tween it and the infinitely distant electrode, is given by 


Cha T cl 
ies aoi) "icu, rh a 
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so that the effective resistance of the half-space is 


weih- (Ie Lec, 
— Aro\a poc 


If the electrode is on the plane face of the conducting half-space, and 
may be regarded as a half-sphere, 
o image the potential is 
cI 


Qror’ 


so that the potential of the elec- 
trode is 


S 


cl 
27ca ’ 
Fic. 46.—A single spherical electrode and 
located a distance n below the plane sur- Joss 1 A 
face of a conducting half-space. 4 2mca 


If the surface electrode be disk shaped rather than spherical, the solu- 
tion may be obtained at once from the expression for the potential to 
which a circular disk is raised by an electrostatic charge. To pass from 
the electrostatic to the current-flow problem it is only necessary, as in- 
dicated above, to replace e by 2cI/c. The potential of the disk is thus 


2e Ic 
8ca 4oa’ 
so that 
1 
ge ie 


Suppose now that two conducting half-spaces 1 and 2 of specific 
conductivities c; and e» be in contact along their plane surfaces, a 
spherical electrode of radius a being located in 1 a distance h from the 
separating plane. Then 


V$i-0, 
V’ — 0 , 
ob dÈ: 
a dg Ea j 
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while 4$; becomes infinite, at the electrode, as Ic/4moir. The boundary 
eondition may be written 


where 


which holds on the boundary between free space and a dielectric of con- 

stant e. The electrostatic problem of an inducing charge +e a distance - 
h from the plane face of a dielectric half-space has been previously 

solved,* and it was found that 


e|[l,1—e.1 
marl tape ail! 


where r is the distance to e, and 7’ the distance to the image of e in the 
plane fave (see Fig. 47); while in the dielectric 


2e 


9o “Ara +e)r ` 


These two potentials, with e=o=o2/0,, satisfy all the demands of the 
present problem except the demand that 4, become infinite at the elec- 
trode as 

Ic 


Aror : 


This final condition can be met by multiplying both 4$; and 4, by the 
constant cl/e;e. Hence, 


EV peel 
a-u enl 7| ? 


ia ni ciou 
2m(e14-o2)T ` 


o, 


* See § 34. 
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Hence, 


4 


2l (lone 
R-V (AIR i) 1 

It may be readily calculated that, of the total current I which is at 
the electrode, an amount Jo2/(o1+02) flows to an infinitely distant 


plane, parallel to the separation plane, and located in region 2, and an 
amount Ici/(ci4-c») to a similarly located plane in region 1. 


Similarly, if two electrodes 

7 SK of radius a and b are located 
SSG distances hı and h from the 

plane surface of a conducting 


T LUA 
- 


^ Région] AES 7 


Vn 
Fic. 48.—Two spherical elec- 
Fia. 47.—A spherical electrode of trodes of radius a and b locat- 
radius a located a distance n from the ed distances h, and A; from the 
plane face separating one half-space of face of a conducting half-space, 
conductivity c; and a second half-space the distance between electrodes 


of conductivity o». being l. 


half-space, the distance of electrode 1 from electrode 2 and to the image 
of electrode 2 being l, and lz, respectively, it may be shown that 


Taf ihr Daal (22: 
attt e 


PROBLEMS FOR PART V, CHAPTER III 


1. The conductivity is the factor by which intensity is to be multiplied 

to give current. If ce, Gesus Cemu, denote the conductivity meas- 
ured in rational electrostatic units, in electrostatic units, and in 
electromagnetic units, respectively, show that 


[^] — 4m0, su, = C P ATO amu. . 
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. The reciprocal of ø is called the resistivity r. Show that 


4r :9 - 10" 
CA 


T , 


where r is the resistivity in ohm-centimeters. 


3. A source and a sink (point) electrode are located on a conducting 


plane. Show that the current flows, from one to the other, along arcs 
of circles. 

. À source electrode and a sink electrode are located at the points 
21,/1 and z»,y» on a plane conductor which occupies the region y 0. 
What are the lines of current flow ? 

. Consider a volume conductor R with electrodes A and B. Bring a 
second conductor R’ into contact with R along a surface S’. 
Prove that the resistance between electrodes is lowered, and that the 
heat developed in R alone is greater than before.* 


). What equation does $ satisfy in a conductor for which ce is not a 


constant, but a function of z,y,z, the co-ordinates of a variable point 
of the body ? 


* Pierce, Annals of Mathematics (1904), p. 153. 


245 


CONCLUSION TO CHAPTER III 


In this chapter the fundamental equations for magnetostatics have 
been developed. The theory proceeds along lines closely similar to those 
followed in electrostatics. A fundamental law of magnetostatic action is 
first obtained, which plays the same róle that Coulomb's law plays in 
electrostatics. In the derivation of this law from experimental evidence, 
a certain amount of temporary vagueness of concept is necessary. It is 
not possible at the outset, for example, to say accurately. what one 
means by a “current.” This situation is not at all different from or worse 
than, that met at the beginning of electrostatics, where it is not possible 
to specify accurately a density of charge. A charged body is one possess- 
ing an excess or deficit of electrons; a current is moving charge. These 
general statements are enough, in each case, to permit one to describe 
the experimental basis, idealize to the law which expresses the action 
between units, and then, in the process of analytical resynthesis, accu- 
rately define the densities of charge and polarization in electrostatics, 
and current and magnetization in magnetostatics. 

The analytical discussion necessary to formulate, for the experimental 
evidence, the fundamental law of magnetostatics has been seen to be 
somewhat complicated. The experimental basis is not sufficient for a 
unique deduction of a differential law for the force between current ele- 
ments. This is explicitly recognized when one arbitrarily adds, to one 
deduced form for a differential law, further terms. It is, in fact, meaning- 
less to inquire if a certain one is the differential law for magnetostatics, 
beeause it is logically improper to distinguish between laws which give 
the same results in any conceivable magnetostatic problem. It may be 
noted, in passing, that although equality of action and reaction was de- 
manded, at the outset, for the action between current elements, this 
demand was later dropped, for current elements, although not, of course, 
for closed circuits. It seems advisable, analytically, to first demand 
equality of action and reaction for the elements and then add such terms 
as destroy this equality for the elements but not for closed circuits, and 
which, at the same time, simplify the expressions. 

Having once obtained a satisfactory differential law—that is to say, 
one which is handy in form and which is consistent with the experimental 
facts for closed circuits—the remainder of the development is largely 
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a matter of translation, into new notation, of the analytical results de- 
veloped in electrostatics. The arguments of the first two chapters show 
that if 


F(x,y,2) = 5 netus Du a2 )dr +p “fala! us 92 i) dr , 


then F is continuous at all points of space, while 


DNE _, 

On, Ono 2p 
when one crosses one of the surfaces over which the second integral is 
extended. Furthermore, at all points, 


VF = -f 2 i 


These general facts, once one has obtained an expression for the vector 
potential which is analogous to the expression for ® in electrostatics, 
furnish the analytical skeleton for the theory. 

One statistical consideration is in more specific evidence, now, than 
in electrostatics; namely, the use of time averages. Time averages do 
play a róle in electrostatics as when, for example, one speaks of a charge 

*9t rest." But in magnetostaties terms automatically appear, when 
one seeks to define “current” and “‘magnetization,” which are removed 
by explicit recognition of the fact that time averages, only, are “‘station- 
ary" in a magnetostatic problem. The three distinct orders of time in- 
tervals which make possible the present form of macroscopic magneto- 
static theory are thus as much emphasized as are the corresponding three 
distinct orders of distances. 

Finally, it is necessary to note that the motional intensity introduced 
in magnetostatics will, in general, be experienced in addition to the 
Coulomb forces. The Coulomb forces are thus to be thought of not 
simply as the forces which act when charges are at rest, but rather as 
that part of the force, which acts between any charges, which is inde- 
pendent of the state of motion. When the motions are such as to pro- 
duee, of themselves, no actions, the problem reduces to an electrostatic 
one. 
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CHAPTER IV 
THE MAXWELL FIELD EQUATIONS 
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INTRODUCTION 


The previous three chapters contain the analysis of those forces, on 
charges or charged bodies, which are independent of motion and those 
which are due to a steady state of motion. It remains to consider the 
general case of the force on charges which are moving in any way what- 
soever. The development of this more general theory does not follow 
the steps used in both electrostatics and magnetostatics. The passage 
from the special to the general equation is one characterized by great 
boldness in generalization, and there is less direct dependence on funda- 
mental experiments. It is clear that this must be the case, because it is 
scarcely possible to frame an experiment whose circumstances are as 
general as the desired conclusions. 

Electrostatics makes use of the equations 


div E=p, 
curl E=0, 
F.—«E; 


while magnetostatics, in its general form which includes both Coulomb 
and motional intensities, Is based on the relations 


div E=p, 
curl E=0, 
div B=0, 


curl B=i, 
Fuse | E+} [v,B] | 


The equations of magnetostatics are, thus, a generalization of those of 
electrostatics. The first step in the next generalization is suggested by 
an experiment with moving circuits. This experiment is, from one point 
of view, a magnetostatic experiment; while, from a second and equally 
valid point of view, the currents involved are not steady. Thus the 
force equation of magnetostatics has to be generalized so as to be con- 
sistent with this experiment. This generalization of the force leads, in 
turn, to a non-vanishing value for the curl of the new generalized electric 
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intensity vector E. The resulting equation expresses the Faraday law 
of induction. The experiment which leads to the generalization is not a 
satisfactory one on which to base a general theory, since it is far too 
special in its nature. Nevertheless, it is assumed that the generalization 
so obtained is adequate to cover the most general situation. 

Not only must a new value be assigned to the curl of the electric 
vector E, but also a new term must be added to the expression for the curl 
of the magnetic vector B. An easy calculation suggests the most simple 
value to adopt for this new term. The curl of the B vector then is given 
by two terms: the first, viz., i, being that given by the Ampére laws; 
while the second, namely, B/c, is the new term just mentioned. This 
new term is often called the “Maxwell term,” since its suggestion con- 
stitutes one of the greatest contributions to electromagnetic theory 
made by this great physicist. Having obtained a set of equations for 
the behavior, in a general case, of the E and B vectors at points in 
empty space, the analogous generalizations are then made for points 
within matter. 

The remainder of the chapter contains certain of the most fundamen- 
tal applications of these, the Maxwell field equations, and the method of 
solving these equations in terms of scalar and vector potentials. By 
studying the rate of doing work of the forces exerted on all the charges 
within a certain volume, and by modifying the form of the analytical 
expression for this rate, one is led to the concepts of the spatial density 
of electric and magnetic energy, and of the Poynting vector which meas- 
ures the flux of energy at any point. The authors do not pretend to 
understand these concepts, but discuss them as adequately as they are 
able. The same remarks apply to the closely related concepts of Maxwell 
stresses and of electromagnetic momentum, which are obtained in an 
analogous way from the expression for the force acting on all the charges 
of a region. 

The four field equations give (when suitable boundary conditions are 
also present) the values of the field vectors E and B when the posi- 
tions and motions of all charges are known as functions of time. Instead 
of working with these four simultaneous partial-differential vector equa- 
tions, it is possible to introduce two potentials, one scalar and one vector, 
in terms of which one can express E and B. Each of these potentials, 
moreover, is then to be determined from a single equation, there being 
the additional advantage that these two equations for the two potentials 
have exactly the same analytical form, that of a so-called “‘wave-equa- 
tion." The solution of the four field equations is thus reduced to the solu- 
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tion of a wave-equation. A suitable solution for the wave-equation is 
then obtained. The potentials, as given by this solution, are referred to 
as “retarded” potentials, since their values at time ¢ and place O ap- 
pear as the sum of effects which arise at the various points P of space 
at previous times t—r/c (where r is the distance between O and P), 
which travel with velocity c, and which then arrive at the point O at 
the instant ¢ in question. The actual computation of these retarded po- 
tentials is somewhat complicated, and a considerable amount of analysis 
(§ 57 and § 58) is necessary to modify the integrals to a form more suit- 
able for calculation. 

These expressions are then used to obtain the E and B fields due 
to a uniformly moving point charge and a uniformly moving extended 
charge. The case of the extended charge is carried through for two differ- 
ent shapes—a rigid sphere and a deformable oblate spheroid. The rigid 
sphere is often referred to as the “Abraham electron," while the deform- 
able spheroid is referred to as the “Lorentz electron." The total electro- 
magnetic momentum associated with these two different shapes is cal- 
culated. These expressions refer to a uniformly moving charge, but it is 
assumed that for a slowly changing velocity the momentum has at any 
instant the value given by this formula. From the time rate of change of 
this momentum, one calculates the forces acting on the charge due to the 
reaction of its own field. This reaction may also be viewed as being the 
result of an “electromagnetic mass" possessed by the charge. This elec- 
tromagnetic mass turns out to be different for accelerations parallel to and 
perpendicular to the velocity of the charge. The two values are hence 
called the "longitudinal" and the “transverse” electromagnetic mass. 
Not only is the electromagnetic mass dependent upon the orientation 
of the acceleration relative to the velocity, but it also depends upon the 
velocity itself, becoming indefinitely large as the velocity of the charge 
approaches that of light. As the velocity of the charge approaches zero, 
the mass approaches the so-called *'rest-mass" of the charge. The de- 
pendence of mass on velocity is somewhat different for the two shapes 
assumed above; and experiments have indicated (although not entirely 
conclusively) that actual electrons correspond (at least in this respect) 
more nearly to the Lorentz electron than to the Abraham electron. Other 
considerations (now quite invalid) have led to the further conclusion 
that the mass of an electron is entirely electromagnetic. This conclu- 
sion is, from the present point of view, not supported in any way by the 
experiments in question, but, as a pure assumption, the statement con- 
tinues to be a part of modern electromagnetic theory. 
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As a further illustration of the use of the general solutions referred to 
above, the case of an oscillating dipole or Herzian oscillator is studied in 
some detail. The field is analyzed both ‘‘near’’ the dipole and in the more 
distant region, or “‘wave-zone.” The results are of basic importance in 
cunnection with the theory of wireless telegraphy or telephony. The chap- 
ter concludes with a brief consideration of the field due to an arbitrarily 
moving-point charge. 


$52. The Maxwell Field Equations.—The previous chapters have 

been concerned with a study of the forces between charges at relative 

rest, and the forces on charges which are moving in a magnetic field 

whose value B at every point is 

1 2 independent of the time ¢. Thus, 

the theory, as developed to this 

point, clearly has no immediate 

v answer concerning the force on a 

charge when the steady state does 

not prevail, ie., when the B vec- 

tor is a function of t as well as 

Fic. 49.—Two circuits in uniform Of 2, y, 2. A definite suggestion 

relative motion. as to how the theory is to be ex- 

tended to cover the general case 

can, however, be obtained from the study of an experiment which, from 

one point of view, comes under the previous theory but which, from an 

alternative point of view, is an example of the general case.* Consider, 

in fact, two closed circuits 1 and 2, and suppose first that 2 is stationary 

and is traversed by a current which is maintained constant by some out- 

side influence, while circuit 1 moves with a velocity v. The magnetic 

field due to the current in circuit 2 is then constant at any point, and the 
intensity due to this motion on the charges of circuit 1 is 


1 
Es [v,B] 


In order that the experiment be rigorously magnetostatic, one may 
suppose that a second external influence prevents the motion of charges 
in circuit 1. If the total “electromotive force" or E.M.F. seeking to 


* Although not an entirely satisfactory example, as will appear later. 
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cause current to flow in a circuit be defined as the line integral around 
the circuit of the tangential component of the intensity, then 


EMP f Faso f our, Fdo, 
1 


the last integral being extended over any surface terminated in the 
closed circuit 1. However 


"n r= curl fo Ble -t (v,V)B, 


since, in the general identity,* 
curl [v,B]=(B,V)v— (v,V)B+v div B—B divv, 


the divergence of B is zero, and v is a constant. 

Suppose now, on the other hand, that circuit 1 is fixed, and circuit 2 
(in which the current is maintained at its previous constant value) moves 
with a velocity —v. The actual physical situation, according to a simple 
relativity principle, is the same in the two cases; in either instance one 
circuit moves with respect to the other with a velocity of magnitude v, 
and it is a mere peculiarity of the method of description which one is 
said to be still and which moving. In the latter case, however, the elec- 
trons of circuit 1, the forces on which are being investigated, are at rest. 
'Thus the motional intensity is zero, as is also the ordinary electrostatic 
force, since both wires are supposed uncharged. But since the two cases 
are in reality identical, it must be concluded that there is a force, causing 
the electrons of circuit 1 to move, the total E.M.F. around this circuit 
being the same as before. 

The expression for the total intensity must thus be amended to in- 
clude a term, additional to the electrostatic and motional terms, which 
will give the force on a charge at rest due to an unsteady state of neigh- 
boring moving charges. Thus let the total intensity be 


l v B] +E+E', 


where the last term, which may be called the “induced intensity,” is the 
* See Appendix, § 4, (44). 
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new additional term just referred to. It follows from the foregoing dis- 
cussion that when circuit 2 moves and circuit 1 is stationary, 


Ip Fdo, 
1 1 


where, as was shown above, 
1 
curl F= re (v,V)B. 


But an observer located on the stationary circuit 1 would calculate, at 
any point, a changing value of the B vector due to the moving circuit 2, 
the rate of change of B being given by the expression 


ðB 
“Ot E (v, V)B , 


since the value of B is constant at any point moving, relative to 1, with 
the velocity —v. Thus 


T 
curl, = Ty EN ) 
and 
/ 1 { 9B, 
å f Eas- FF bee do " 
Or 


f (ei pal ^) (io Eme 
65009 4 


Since this equation holds for an arbitrary circuit and hence for an arbi- 
trary surface, it follows that 


; 1 ôB 

(166) curl E’ = m je 

To a large school of physicists the state of the “field” at a given point 
in space has a definite and describable reality (a reality aided by certain 
mechanical conceptions of the aether) apart from the nature of that 
which is producing the ''field." That is to say, a given value of B at a 
certain point is taken to be descriptive of some condition obtaining at 
that point, and the emphasis is so thrown over on to the importance of 
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this condition and its description by means of B that one is not to be 
concerned particularly with what has produced the value of B. One 
who adopts this point of view will say that the last equation above 
states that the curl of the E' vector is given by 1/c times the nega- 
tive rate of change of the B vector, and will not feel it necessary to 
qualify this statement at all; in particular, he will not feel it necessary to 
distinguish between two cases, in which the negative rates of change of B 
are equal, the cause of the change being quite different in the two cases. 
Such an interpretation of the foregoing equation, however, does not 
follow from the derivation of it here given, for the B vector can be 
made to change in a way not contemplated in the experiment here con- 
sidered, namely, by holding both circuits fixed in space but changing the 
current in circuit 2. Suppose, indeed, that the current in circuit 2 be 
changed in such a way that, at a certain point, the rate of change of the 
B vector due to 2 has the same value it had in the previous case, when 
the current in 2 was held steady but the circuit was moved as a whole. 
From equation (166) it would follow as a formal result that the value of 
curl E’ would be the same in the two cases; and this result would be en- 
tirely reasonable to an exponent of the theory that all one needs to know, 
at a point, is the ‘‘state of the aether” at that point. From the more di- 
rect point of view that considers the things acting, as well as the things 
acted on, it is clear that the foregoing result, if true, is remarkable and 
one not to be expected; for the two cases differ in a fundamental way. In 
the case of a moving circuit traversed by a constant current, it is possible 
to choose an unaccelerated set of axes (namely, a set moving with the 
circuit) with respect to which the state of motion of the acting electrons 
is steady, in the sense that at any point the average velocity of charge is 
independent of the time. In the case of a fixed circuit traversed by a 
changing current, no unaccelerated set of axes can be chosen with respect 
to which the state of motion of the acting electrons is steady. This dis- 
tinction might well prove to be an essential one, and it is reasonable to 
suspect that the values of curl E' are not actually the same in the two’ 
eases. It cannot be urged that it has been shown experimentally that 
moving cireuits and changing currents are rigorously equivalent as re- 
gards induced electromotive forces. Roughly this must be the case, for 
the predictions of a theory based upon this assumption have had general 
experimental success; but there appears never to have been an experi- 
ment of sufficient accuracy to prove that the two values do not differ 
by second- or higher-order terms in such a ratio as v/c. It is very 
easy to let the notation carry the burden of the argument, to neglect this 


257 


§ 52 THE ELECTROMAGNETIC FIELD 


discussion, and to hold that the value of curl E' is related to the rate of 
change of B in every case in the way stated by the last equation. It is 
important to point out, however, that by so doing one may be overlook- 
ing something of fundamental physical significance, and it is desirable to 
insist upon the potential importance of keeping in mind the auxiliary 
nature of the vectors E and B, and the necessity of always going back to 
the physical case. It is not the purpose of this book to revamp electro- 
magnetic theory, but to try to present the existing theory in as logical a 
form as it permits, emphasizing but leaving open those questions which 
seem actually to be, up to the present, unanswered. Although further in- 
vestigation of the point in question would seem highly desirable, the pres- 
ent discussion, in accordance with the plan just stated, will be dropped at 
this point, and it will be definitely assumed that equation (166) holds, 
without restriction, for any case. 

The foregoing considerations have led to a value for curl E’. A 
similar calculation can be made to obtain the value of the divergence 
of E’. Indeed, 


aapa decis: : [v,B] . 


However, * 
div [v,B]= (B, curl v) — (v, curl B) , 


so that, since v is constant, 


(RA -i EASY WO 


or, setting curl B=i=pu/c, where u is the mean velocity of the charges 
which give rise to the density p and the current i, 


div E’= "- (v,u) . 


From these values for the curl and divergence of E’ and the previ- 
ously obtained values for curl and divergence of E, it follows that 


curl (E+E) = -L95, 
di ; (vu) 
iv (E+E) - (1-922). 


* See Appendix, $ 4, (43). 
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Since, however, the velocities ordinarily met with are exceedingly small 
compared with c=3-10", the last equation can be written simply 


div (E+E) 2p. 


It is thus clear that it is simpler to use a single vector E which will give, 
in all cases, the force per unit charge on a stationary charge, whether this 
force be due to stationary or moving charges. If only stationary charges 
be present, 

div E=p, 


curl E=0, 
and E is identical with the electrostatic intensity previously discussed. 
The same equations and statement hold for magnetostatics. When, 
however, a non-steady state prevails, » 
div E=p 


à 1 ðB 
curl Ese 5 


and E includes both the electrostatic term and the new term which has 
just been introduced. From this point forward, the vector E will be used 
with this extended meaning. 

The assumption just made has not entirely prepared the ground for a 
study of the general case, for the second of the equations, 


arid aet ie 
C 


curl B—i, 

div E=p, 

div B=0, 
carries with it a restriction upon the vector current i. In fact, this equa- 
tion can only be true under the special condition that div i—0, since the 


divergence of a curl is identically zero. If this equation be amended by 
adding a vector X so that 


curl B=i+X , 
then X must satisfy the relation 
div X= —div i. 
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However, for any region, 


faiviar= f ica - S fe ie S f WE a (SES, 
ot Cc ot C c 


so that 


Thus, substituting, 


so that the most simple and most directly suggested choice for X is 


yiri 
C 


The revised equation then reads 
curl Bait" : 


The first term on the right side of this equation is, as has been seen, due 
to Ampére. The second term is due to Maxwell who, making a bold gen- 
eralization based upon the hint that a changing intensity causes, in the 
case of a dielectric, a shifting of charge and thus a type of current, 
adopted as his definition of current a quantity which is the sum of E 
and the ordinary convection current i=pu/c. The analysis to follow will 
be based upon the equations obtained above, 1.e., upon the four so-called 
"field equations" 


(167) dpi Bare eres Puri 
€ C 
dis 

(168) curl E= i B, 

(169) ! div E=p, 

(170) div B-0, 

and upon the force equation 

(171) F=E+* |v,B]. 
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The first two of the foregoing field equations are sometimes referred to as 
the ‘‘circuital relations,” the names of Ampère and Faraday being asso- 
ciated with the first and second, respectively. The second equation is, 
indeed, the mathematical statement of Faraday’s law of induction. The 
last equation gives the force F. per unit charge in terms of the velccity 
v of the charge acted on, and in terms of the auxiliary vectors E and 
B, which are to be determined, through the field equations,* from the 
supposed known values of p and pu/c— i. 
A vector field, it will be remembered, is simply a region at every point 
- of which a vector is defined. Thus one speaks of the E and B fields, 
meaning the totality of values which these vectors assume at the differ- 
ent points of the region being considered; and the field equations, as 
has just been stated, are the fundamental differential equations from 
which these vectors are to be determined. The expressions “E and B 
fields" and “field equations" will be used here in this sense, there being no 
implication, arising through a non-technical connotation of the word 
“field,” of the existence of any physical reality which is being measured 
by the vectors E and B.] © 
There is one further equation which, although it is a consequence of 
the field equations, is of sufficient physical importance to warrant its 
being written here as one of the fundamental equations of electrodynam- 
ies. It is the equation of conservation of charge, or "equation of con- 
tinuity," which states that, since no charge is created or destroyed, the 
rate at which charge leaves a certain volume element must be equal to 
the negative time rate of change of the total charge within, i.e., 


(172) div (pu)--5—0 . 


'This same principle of the conservation of charge was used to obtain 
the Maxwell term £, in equation (167); and, indeed, the equation of 
continuity can be obtained from (167) by taking the divergence of both 
sides, and substituting p for div E. 
In chapter ii, Part III, Problem 32, and chapter iii, Part III, Problem 
8, it was pointed out that in electrostatics and magnetostaties the 
boundary conditions on the surface between two media can be written: 
a) The tangential component of E is continuous. 
b) The normal component of «E is continuous. 


* Which, in a definite case, must be supplemented by boundary conditions. 
+See, in this connection, A. Einstein, Aether und Relativitátstheorie. Berlin: 
J. Springer, 1920. 
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c) The tangential component of B/y is continuous. 
d) The normal component of B is continuous. 

These same conditions are assumed for the general E and B vectors. 
These conditions may be deduced from the field equations themselves. * 

It may readily be shown] that if E;, Bı and E, Bz are two solu- 
tions of the Maxwell field equations which are regular at infinity and for 
which, at a given instant, E,— E, and Bi— B, at all points of space, 
then E,zE; and Biz B; at all later instants. This uniqueness proof 
does not take account of the fact, which will be discovered in $ 56, that 
the field equations imply a finite velocity of effects. Thus the values of 
E and B within a certain closed region 7 and at a time ¢ should fol- 
low uniquely from the initial values of E and B at a time & not 
throughout all space, but only in that region T, containing 7, which 
contains all those points which can communicate, so to speak, during the 
interval from £o to t, with the points of 7. A uniqueness proof which 
thus takes account of the finite velocity of electrodynamic action has 
been given.{ 

$53. The Field Equations within Matter —The field equations, in the 
form (167)-(170) written in the previous section, apply only to empty 
space. The generalizations necessary for points within matter are easily 
obtained. In the argument by means of which equations (167)-(170) 
were obtained, use was made of the equations 


div E=p , 
curl B—i. 
At points within polarizable and magnetizable matter, these equations 


must be replaced by the more general relations (see chap. ii, Part III, 
Problem 31; and equation (136), § 43). 


(173) div E-p—divP , 
(174) curl B=i+curl M. 
Now since 
P-(c—1)E, 
the first of these equations can be re-written 
div «E=p ; 


* See H. Bateman, Electrical and Optical Wave Motion (1914), p. 17. 
f See Riemann-Weber, Differentialgleichungen der Physik, II (1927), 393. 
1See A. Rubinowiez, Phys. Zeits., XXVII (1926), 707. 
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and since 


the second becomes 
HIM 
curl —=7. 
H 


Hence the argument which, in § 52, generalized the equation 


curl B=i 
to read 
curl B=i+= ^ 
generalizes the equation 
c 
eur] — —i 
m 
to read 
curl — = i+ ; 


or, using (173) and (174), 
curl B-ieP T conl M. 


Thus, if u be a constant, 
m» 


curl B-yut— ‘ 
Hence, within homogeneous matter, equations (167)-(170) are to be re- 
placed by 


(175) curl B= pip he j 
dat 

(176) curl E— pia B, 

(177) div eE — p > 

(178) div B=0. 
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When the current i is à "conduction" current in a conducting body, 
then 


^ o 
i-— E. 
C 


When the current i arises from the motion of charged bodies or the 
motion of ions in space, the current is called a “convection” current, and 
is written 


In the case of a conducting body, (175) can be written 
(179) curl B=" EI fot 


In many important applications, the dependence of the vectors E 
and B upon time is known to be sinusoidal. Thus E and B would be 
equal to the real parts of the complex expressions Eye" and Bye, re- 
spectively, where E, and B, are now functions of x,y,z only; and 
where w, the angular frequency, is related to the period 7 by means of 
the equation 
Jm 


1 


U) 
Then 
E=iwE ye , 


etc., so that equations (179) and (176) become 


(180) curl By= (scc) Ei, 


(181) curl E, = =, Cam 


It is to be understood that, when these equations (together with [177] 
and [178]) are solved, E and B are then given by the real part of the 
product of these solutions with e*t, 

$54. The Activity Equation.—Using the field equations as an ana- 
lytical basis, certain integral transformations can be made which have 
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played an important róle in the development of electrodynamics, espe- 
cially in connection with the so-called “dynamics” of the electron. Sup- 
pose that within a region 7 there exist charges, giving rise to a density 
p, moving with velocity u. If 


F=E++(u, B 


be the total force per unit charge acting on these charges, then the ac- 
tivity of these forces (i.e., the rate at which these forces do work) is 


ndm , 


or, substituting the foregoing expression for F, and (167) for pu, and 
noting that u and [u,B] are perpendicular, 


f (uias f (s. citi B-t E)r. 


The general vector relation* 


f (B, curl E)— (E, curl B)}dr= f[E, Blado 


furnishes, since curl E= —1/c B, the equation 


f (ajea piade f [E,B],do—Ż (B bdr, 


so that, finally, 
(182) f ota "E P (08,5, dec f IE Blade , 
-—-— (as c [BBlyde : 


where, in the last equation, n' is an interior normal. 

Having obtained this equation, one seeks to interpret its various 
terms. It will perhaps be least confusing if the ordinary interpretation be 
stated at once, without comment. This statement will be followed by 
remarks concerning this or other interpretations. 


* See Problem 1 of this chapter. 
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The left member of equation (182) is the rate at which the “forces 
of the field" do work on the charges or charged bodies within 7. The 
volume integral on the right is considered to give the rate of loss of the 
spatially distributed energy* within +. It follows, if the principle of con- 
servation of energy be assumed, that the rate of doing work on the 
charged bodies within 7 is equal to the total rate of loss of energy of the 
field. If the rate of loss of energy of the field within 7 is not sufficient to 
account for the calculated activity of the forces, then this deficiency 
must be met by bringing energy across the boundary of 7 from without. 
Thus the surface integral is interpreted as measuring the rate at which 
localized energy flows across the boundary of 7 from without, there 
being, on this basis, a "flux of energy" per unit time and per unit normal 
area, given by 


(183) S-dE,B]. 


The conception of such a flow of energy was first formulated by Poynt- 
ing, and the vector S is known as the ‘‘Poynting vector." The Poynt- 
ing vector has played an important part in the development of modern 
electrodynamics; indeed, H. A. Lorentz has said: "Other examples 
might likewise show us how Poynting's theorem throws a clear light on 
many questions. Indeed its importance can hardly be overestimated, and 
it is now difficult to recall the state of electromagnetic theory of some 
thirty years ago, when we had to do without this beautiful theorem. t 

The interpretation just given suggests several comments. In the 
first place, the present authors are not able to ascribe any significance 
whatever to the phrase ‘localized energy." They do not believe that 
“Where?” is a fair or sensible question to ask concerning energy.§ Energy 


* See problem 9, p. 219. 

t J. H. Poynting, London Transactions, CLXXV (1884), 343. 

i The Theory of Electrons (1916), p. 25. 

§ There is one situation which, in a loose sense, is an exception to the general 
statement made here. Suppose one consider a region of space 7 which is so small that 
its dimensions may be entirely neglected relative to the other dimensions under con- 
sideration Then 7 may be said to be located “at” P, where P is any point within 
vr. Now suppose a configuration of charges to be located within 7 and suppose the 
field of this configuration, however intense it may be within z, to fall off toward zero 
very rapidly as one leaves v. An outside charge does not then feel the effect of this 
configuration until the outside charge comes very close to r—that is, until the charge 
is "at" P. The energy of this configuration ‘‘belongs” to the configuration, but since 
the configuration belongs to the point P, the energy may be said to belong to P, or 
to be “at” P. 

The theory of relativity furnishes a basis for considering mass and energy to be 
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is a function of configuration, just as the beauty of a certain black-and- 
white design is a function of configuration. The authors see no more 
reason or excuse for speaking of a spatial energy density than they would 
for saying, in the case of a design, that its beauty was distributed over 
it with a certain density. Such a view would lead one to assign to a 
perfectly blank square inch in one portion of the design a certain amount 
of beauty, and to an equally blank square inch in another portion a 
certain different amount of beauty.* 

In the preceding paragraph the phrase “‘reason or excuse” was used. 

‘Some readers will argue that there may be no impelling or very logical 
reason for adopting a concept of localized energy, but that the excuse 
lies in the usefulness of the concept. There seems little doubt that the 
concept has in the past played a useful róle in suggesting calculations and 
developments of theory. Such of these as are, in actual fact, independent 
of this concept (and this covers a large number of instances) should now 
be freed of this suspicious connection. Calculations which depend es- 
sentially on the concept of spatially distributed density may be retained 
tentatively. 

As a matter of history, the notion of the location of energy in space 
was the natural result of a supposed understanding of where and how 
mechanical energy is stored. But if one is really to believe that matter 
is electrically constituted, it will not do to pretend to understand 
"where" electrical energy is, on the basis of an illusory conception of 
"where" ordinary mechanical energy is. To say that the potential energy 
of a spring is “stored in the spring" may perhaps give one some comfort 


essentially the same thing. From this viewpoint, when one remarks that the concept 
of location does not, in general, apply to energy, he is at the same time making a 
similar statement about mass. Until recently this would have seemed heresy indeed; 
but such a conclusion is in agreement with the recent viewpoint of wave mechanics. 
When a wave actually pervades all space one speaks of “where” it is only when its 
amplitude has markedly high values within a small region, and falls off rapidly outside 
this region. 


* In à book published just as this volume was going to press A. S. Eddington 
(The Nature of the Physical World, p. 103), speaking of entropy, says: “The concep- 
tion of entropy .. . . marked a reaction from the view that everything to which sci- 
ence need pay attention is discovered by a microscopic dissection of objects. It pro- 
vided an alternative standpoint in which the center of interest is shifted from the 
entities reached by the customary analysis (atoms, electric potentials, etc.) to quali- 
ties possessed by the system as a whole, which cannot be split wp and located—a bit here 
and a bit there.” (The italics do not occur in the original. Entropy, like energy, is a 
function of configuration. 
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so long as he considers the situation from the gross viewpoint of con- 
tinuously distributed matter. The modern theory of the electrical con- 
stitution of matter, however, recognizes this spring to be but an assembly 
of electrons and protons, with comparatively vast regions of “‘free space" 
between them. It is thus not possible to use the vague macroscopic con- 
cept of localized mechanical energy to help one understand where is the 
energy of those charges of which the spring is solely composed. 

In the second place, the process of replacing volume by surface inte- 
grals, and vice versa, is so familiar that one hardly need remark that 
equation (182) suggests the interpretation given, rather than demands 
it. This is, of course, recognized by every careful writer on electrody- 
namics. In the rather extensive discussion of this theorem given in his 
text, Livens presents the customary interpretation, and also an alterna- 
tive theory due to McDonald, which ascribes a quite other value to the 
Poynting vector. 

In the third place, it is clear that a physical interpretation of any one 
term in (182) involves either knowledge or assumption concerning the 
nature of the other two terms. The usual analysis, given above, is essen- 
tially an interpretation of the third term, based upon a supposed knowl- 
ledge of the first term, and an assumption concerning the second. 

The phrase “‘a supposed knowledge of the first term" may seem harsh 
criticism when this first term is taken as the start of the calculation, and 
is deliberately set up to represent a certain physical rate of doing work. 
The significance of this quantity is not, however, clear until one states 
what is doing the work in question, and in what form is the energy reap- 
pearing. Suppose, for example, that the force 


F-E-H. [u,B] 


is caleulated from the vectors E and B due to all charges, both those 
within and without 7. Then the middle term of (182) is the rate of change 
of total electromagnetic field energy, and the usual interpretation of the 
equation implies that the work being done on the charges within 7 is 
all converted into some other form, such as chemical, thermal, or ordi- 
nary mechanical energy. In fact, if the total work per second, say W, 
done by the total field on the charges within 7 is converted, through 
the action of the field on the charges, into an equal amount 


Wi--Wi-W ) 
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where W, is, say, thermal in nature, while Wz is electromagnetic, then 
the right side of equation (182), which supposedly measures the net rate 
of gain of the field, should equal W—W:2=W,, rather than W. 

It cannot be said, moreover, that the nature of the middle term is 
really understood apart from this equation itself. In both electrostatics 
and magnetostatics, energy densities in space have, to be sure, been 
calculated. The situation with which (182) deals is now, however, a 
general cne, and it is hardly to be expected that in terms of the general- 
ized vectors E and B, the energy densities will take their previous 

-simple forms. If one asks for a perfectly general calculation, analogous, 
for example, to that which indicated, in electrostatics, the value E?/2 
the answer is that the derivation given above of equation (182) is pre- 
cisely the requested calculation. This equation, in distinction to the 
special forms found earlier, contains two terms on the right side, rather 
than one; so that there is, inherently, less compulsion in the separate 
interpretation of them. Some writers have attempted to remove this 
difficulty by the assumption that the third term would vanish when ex- 
tended over an infinitely distant surface. McDonald has pointed out* 
the impropriety of this assumption. 

Some of the difficulties just raised are met, if one adopts the hypoth- 
esis, which will be formally introduced and discussed at a later point, that 
every charge moves in such a way that the total force on it is zero, the 
force due to its own field just canceling the force due to all other charges. 
To understand the effect this hypothesis has on an interpretation of the 
foregoing energy relation, it will be necessary to consider, in a more gener- 
al way, the relation between electrodynamics and mechanics. 

What is referred to as ‘‘classical electrodynamics” began its real 
development in about 1825. The concepts and analytical framework of 
ordinary dynamics were, by that time, essentially complete. It was in- 
evitable that the new science would build on the old, borrowing its con- 
cepts and its methods. Science now, however, has come to believe in an 
electrical theory of the constitution of matter. Electrodynamics is now 
the basic science; and in terms of its fundamental concepts must all more 
special theories be stated. This ideal has, however, by no means been 
realized as yet, and the basic laws of electrodynamics are phrased in 
terms of concepts which properly belong to one of its own by-products. 
It may eventually turn out that concepts to which the names “force,” 
"mass," momentum," etc., will be attached will continue to be used in 
electrodynamies. It may, however, be that an attempt to retain these 

* Electric Waves (1902), p. 33. 
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terms will be a serious handicap. To discuss the behavior of a single 
charge in the language of mechanics may turn out to be analogous to an 
attempt to discuss in detail the impact of two molecules in terms of 
thermal concepts. * 

Science has been very progressive in adopting the new viewpoint 
that electrodynamies is fundamental, but it has been exceedingly con- 
servative in its attempt to retain the dynamical concepts. The hypoth- 
esis, referred to above, that a charge moves so that the total force on it is 
zero results from acceptance of the further hypothesis that the ordinary 
mechanical mass of each charge is zero. Thus a charge is admitted to be 
a purely electrical entity, and what mechanics views to be its ‘‘mass” is 
now explainedf as the reaction with which its own field opposes its ac- 
celeration. This ‘‘electromagnetic explanation" of mechanical mass is 
viewed to be one of the great triumphs of electromagnetic theory. One 
surely has here a glimpse of the power of the theory, but it is at best a 
shadowy glimpse. The idea of mass is used to explain away mass, and the 
mechanical concept of force is left, parentless, upon our hands. 

The quantities with which mechanics deals are supposedly the sta- 
tistical aspects of an underlying fine-grained electrodynamics. It is per- 
haps too much to say that the foregoing hypotheses of the non-existence 
of mechanical mass and the vanishing of total force constitute an ad- 
mission that the mechanical concepts entirely collapse in the case of 
microscopic electrodynamics, but these hypotheses seem, at least, to be 
the last stand of the mechanical nomenclature. It is probable that we 
ought merely to say that preliminary calculations, in which mechanical 
concepts have been used, have indicated that each charge moves in such 
a way that a certain quantity is always zero. This quantity is calculated 
in a specified way from the positions and motions of all charges, and does 
not, in any ordinary sense, deserve the name ''force." 

At various places in electrodynamies one takes up positions which, 
in varying degrees, admit the fundamental nature of electrodynamical 
processes. When one treats of totally uncharged bodies, a roughly macro- 


* In his latest book (T'he Nature of the Physical World) referred to just above, 
Eddington speaks (p. 75) of “primary laws" which control the behavior of individual 
units, and "secondary laws" which control the group behavior of vast numbers of 
individual units. He says: “It has been the conviction of nearly all physicists that. 
at the root of everything there is à complete scheme of primary law governing the 
career of every particle or constituent of the world with an iron determinism." He 
adds in a footnote the remark: “There are, however, others besides myself who have 
recently begun to question it." 


t The details of this argument will be found in $ 60. 
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scopic viewpoint is satisfactory, and one deals with mechanical concepts 
alone. For such bodies, in fact, the E and B fields are sensibly zero at 
all points outside of a certain surface, which is therefore recognized as the 
surface of the body. It is then convenient to annihilate mentally the E 
and B fields at all points, and to replace the statistical electrodynamic 
properties of this assemblage of charges by mechanical properties. Thus 
the mechanical mass of the body is the gross evidence of the individual 
reactions, on the charges, which result from a change in their state of 
motion and hence in their fields. The mechanical elastic properties of the 
‘body result statistically from the electrodynamic interactions when the 
relative configuration is altered, etc. 

If bodies are charged, it is customary to use both mechanical and elec- 
trodynamical concepts. When, however, a single charge is under con- 
sideration, the nature of the problem indicates an exclusively electrical 
viewpoint and only electrodynamical considerations should enter. 

Thus, whenever one discusses the force on charge due to all charges, 
this “force” is zero if all actions are being recognized as electrodynamical. 
If one considers a non-vanishing force on charge due to all charges, he 
thereby discloses that he is viewing as mechanical some of the actions 
involved. He is, by virtue of his viewpoint, splitting up the total zero 
force into two equal and opposite portions 


Fe+Fm=0, 


one of which, Fe, he recognizes as electrical, and the other of which, 
Fm, he calls mechanical. 

It has been seen above that it is not possible to discuss such an equa- 
tion as (182) intelligently unless one states where energy is coming from 
and in what form it reappears. In the light of the remarks just made, 
this means that one must, before interpreting such an equation, tell more 
about the charges or charged bodies under consideration so that it will 
be clear by inference, if not otherwise, what particular mixture of electro- 
dynamies and dynamics one is using. Otherwise the situation is similar 
to an attempt to discuss the energy relations when two bodies are rubbed 
together without saying whether the point of view is microscopic (so 
that heat motions of the molecule are recognized as contributing to 
mechanical energy) or macroscopic. For example, if, in (182), the left 
side be admitted to be zero, then all actions are electrical and all energies 
electrodynamical. The zero value of the right-hand side of the equation 
then is interpreted through the theorem of conservation of energy as 
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saying that the gain in energy of the field within r must be accounted 
for through the flux of energy into the region across its bounding surface. 
If, on the other hand, the left side of the equation is claimed to be non- 
vanishing, this claim carries with it a completely different point of view. 
The non-vanishing electrodynamic force Fe is equal and opposite to a 
force Fm now being called mechanical. Thus the work done by the elec- 
trodynamic forces is equal to the work done against the mechanical 
forces. The left-hand side of (182) thus must measure the amount of 
energy which is being converted, per second, over into a form not recog- 
nized as electrical. 

These considerations remove the formal difficulties in the interpreta- 
tion of (182) so long as only the total field vectors enter. It remains to 
see whether similar interpretation be possible when partial field vectors 
are involved in the energy relation. It follows from the linearity of the 
field equations that any partial field E,, Bı, due to a partial group of 
charges which give rise to the density pı, satisfy the field equation with 
pı written in place of p. Then just as above 


f orae - - 3 5 f erem dr— « f EnB: do " 


where F, is the force due to the group 1 of charges. If the group 1 
consists of a single charge e; moving with velocity ui, this equation 
takes the form 

19 


(ui,6 F1) => 


2 ài (Et+BDdr—e f IB Blade : 


or, from the hypothesis that the total force on e; is zero, 


(uie Fs) = t3 12 f tema f (,Bikde , 


where F; is the force due to all other charges. This equation is then 
normally interpreted to mean that the rate at which the external forces 
(the forces due to all other charges) do work on e; is equal to the rate 
of gain of the energy of e's field within 7, plus the flow out through the 
bounding surface of 7 of energy associated with the field of e. Further 
discussion of the activity equation will be found in the conclusion to this 
chapter. 

$55. The Maxwell Stresses and Electromagnetic Momentum.—The 
preceding section has dealt with the flow of localized energy into a region 


4 
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LA 


r. The force on the charges in 7 is due to the action of charge both 
within and without 7, and the “medium” theory introduced by Max- 
well, since it does not recognize action at a distance, interprets these 
forces in terms of stresses in the medium. This interpretation results 
from a transformation of the expression 


(184) P= (»[ E+} w} ar, 


for the total force on all the charges within 7. Using the relations 
p=div E and pv— curl B—E/c, equation (184) may be written 


F= f1 E div E--[curl B, A - (E, B] | dr , 
or, adding and subtracting the term, 


Wn 1 : 
=> [Ż,B] + [E,Ė] , 


=: [é,B)—IE, curl E]; 


and adding, for the sake of symmetry, the term B div B=0, the expres- 
sion for the total force takes the form 


(185) F= f (E div E+B div B+[curl E, E]--[curl B, B)\dr—5 f Sd: . 


The first of these two integrals can be transformed into an integral 
extended over the surface of 7. The form of the terms containing E 
and B being the same, the caleulation will be carried through only for 
those containing E. In fact, if the z-component of 


f(E div E4-[curl E,E])dr 


be written out at length, and the terms rearranged, the result is: 


((z aE, 9E, Bg, S E 
fte kr Oa, mE See EES 


Teal -EFÈ (BE) +2 GE) | ar, 
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or, by partial integration, 


= f E (E2—E?-— E?) cos (nz) --E,E, cos (ny) J-E,E, cos (nz) | de , 
= i | EE. cos (nz)--E, cos (ny) +E, cos (nz)]-5 (#2+-E? +E?) cos (nz) } d 


=} f (2E,E, — E? cos (nz) }do . 


Thus, writing the similar terms in B, and returning to vector form, 
(186) P=} ( (2E.E+2B,B— (9 E)n)ds— 3 | Sir : 


where n is a unit vector in the direction of the outward drawn normal 
to the bounding surface of 7. In the case of a steady state of current 
distribution, the volume integral vanishes. The average value of the 
volume integral would also clearly be zero when the field vectors are 
periodic functions of the time. In either of these two instances the force 
is given by the surface integral only, and is expressible in terms of 
stresses,* known as the “Maxwell stresses," exerted across the elements 
of the surface of r by that portion of the medium which is without. 
The stress across an element of the surface which is normal to the axis 
of x is, for example, 


3 [2E,E--2B,B — (E?-- Bx] , 


where x’ is a unit vector in the x-direction, so that 


(187) X,-i (i-Ej—E)--1 (B}—B}—B?) , 
(188) Y,=X,=E,E,+B,B,, 
(189) Z,- X, - E,E.--B,B, , 


the other three components of the stress being obtainable from these 
by cyclic permutation, A more detailed investigation, based upon more 


* For a short discussion of the customary method of specifying the stress at a 
point within an elastic solid, see Jeans, Electricity and Magnetism (1911), p. 142. 
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general assumptions as to the character of the medium involved, fur- 
nishes the result* that in the case of a homogeneous but anisotropic 
medium and a steady state of currents, the force on the changes within 7 
is again expressible in terms of stresses exerted across the boundary of r, 
this stress having the nine components 


1 2 
Xe = 2 DE = €» E2, iai e 62+ EE, e Pi €21) +#,E Aes Fr €31) TE EE (6 -Feo)] 


1 , 
t3 [u11B2 — poo B2 — ussB24- B,By (ue — uai) 4- BB (uis — u31) — By,B (uos + use) | , 


Xy- Eslen Esten E, 4- as E;) J- By(uiBz-- psy uB) . 


Thus, in the case of an anisotropic medium the stress system is not of the 
ordinary mechanical type, which is always'self-conjugate—that is, in 
which X,=Y,, etc. In the case of a non-homogeneous medium further 
terms enter, such as, for example, 


Therefore, only provided the second integral of (186) vanish and only 
in the ease of à homogeneous isotropic medium can the force on the 
charges within 7 be attributed to an ordinary stress system such as exists 
in an elastic medium in equilibrium. 

To obtain an interpretation of.the volume integral 


1 D 
yari af Sar J 


suppose that the region 7 is infinite, but that all the charges are con- 
tained within some finite region within 7, and suppose that a steady 
state exists. Then since the steady-state vectors E and B each vanish 
at infinity as 1/7?, the surface integral in (186) vanishes. If this steady 
state could then be disturbed in any way, the surface integral would 
retain the value zero for an infinite time, since the altered values of E 
and B are propagated outward at a finite velocity c. Under these cir- 
cumstances the total force F on all charges would be given by 


1 ‘ 
= E Zf sar " 


* G. H. Livens, T'he T'heory of Electricity (1918), pp. 591, 592, and 200. 
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(190) F=—— 
if G be defined by the equation 


(191) c=; f Sd: , 


the integral being extended over all space. If the total force F act to in- 
crease the mechanical momentum M of the charged bodies present, then 


dM 
Dias 

so that 

(192) a (M+6)=0. 


The vector G is called, following Abraham, the “electromagnetic mo- 
mentum vector," and equation (192) thus states that the sum of the 
mechanical and electromagnetic momentum is conserved. The viewpoint 
furnishes a more complete interpretation of equation (186). In fact, the 
force exerted across the boundary of 7 is considered to be used partly in 
increasing the electromagnetic momentum within r; the remainder, 
namely, 


: f (2E,E+2B,B— (E+ B')n] de — f Sd: , 


is available to act upon the charges or charged bodies present. The con- 
cept of a spatially distributed electromagnetic momentum demands, as 
has been pointed out by Lorentz,* an exceedingly great “density” for 
the hypothetical medium or “aether.” The discussion of the previous 
section applies directly to the obvious questions involved in this view- 
point.t For example, the relation 


* Op. cil., p. 31. 

1 Livens, The Theory of Electricity (1918), p. 592; Abraham and Fóppl, Theorie 
der Elektrizitét, II (1918), 28; Richardson, The Electron Theory of Matter (1918), 
p. 216. 
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is true only provided the force F is engaged solely in altering the ve- 
locities of mechanical masses, and not at all in doing work of a purely 
electrical character. Even if, however, the concepts of an energy flow, 
of stress in the medium, and of an electromagnetic momentum should 
turn out to be, from a strict point of view, mere figures of speech which 
themselves become vague when closely examined, still they are impor- 
tant historically and because of the possibility of their indicating the 
first rough approach to new bits of theory. They should be retained as 
long as any advantage re- 
mains in their picturesque 
suggestiveness, and should 
then be discarded without 
surprise or reluctance. 

As an example illustra- 
tive of the use of the con- 
cepts of aether stresses and 
electromagnetic momen- 


tum, consider the problem Fic. 50.—The radiation pressure on a per- 
of determining the pressure fectly black and absorbing plane disk of area A. 
exerted on a perfectly 

opaque, perfectly black, plane disk by a beam of light. Suppose that 
the disk is of area A, and is normal to the x-axis, and that the beam of 
light also has cross-section A, is plane polarized, and is traveling in the 
x-direction (to the right). The electromagnetic theory of light will not 
be discussed here. It is only necessary to know that such a plane-polar- 
ized beam as is here considered is represented by the equations 


(193) ping cos w(t—2/c) , 


B,-a cos e(t—z/c) . 


Let the disk be contained in a flat volume 7 whose ends are of area A 
and parallel to the disk, and whose sides are of vanishing length Az. In 
computing, by means of the Maxwell stresses, the force on all the charge 
within this volume 7, it should be remembered that, since the disk is 
perfectly black, there is no reflected light and the field to the left of the 
disk eonsists only of the incident light (193); while since the disk 
is perfectly opaque, the total field to the right of the disk is zero. 
Moreover, since the expressions (193) are periodic, the average value is 
zero for that portion of the total force which is due to the volume term 
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in (186). Therefore the force on the disk can be found by considering 
the Maxwell stress across the left face of + only. From (187)-(189) 


152 = Zi =0 , 
2 
X,- -5 [cos? w(t—x/c)+ eos? e(t—2z/c)] . ` 
This last expression is the force exerted by the region on the positive size 
of a surface normal to the x-axis. Thus the force exerted by the region 


to the left of the left face of 7 is, indicating average values by means of 
bars, i 


—X,=a@ (cos? o(t—z/c)] 
a? 
E 
since the average value of the cosine squared is one-half. There is, thus, 
a normal pressure on the disk of magnitude a?/2. Since the total electro- 
magnetic energy, per unit volume of the incident field, is, on the average, 


A EFB- [cos? o(t—x/c) 4- cos? w(t—2x/c)] 
a? 
Y Š 


it appears that the pressure on the disk is numerically equal to the aver- 
age energy density in the incident beam. 

This same result can be obtained by means of the concept of electro- 
magnetic momentum by supposing that, at a certain instant, the source 
of the beam of light is removed or destroyed. Then the rear of the beam 
of light (that is to say, the plane to the right of which the field is given 
by [193] and to the left of which the field vanishes) advances to the right 
with the velocity c. The total electromagnetic momentum is decreased, 
each second, by the amount contained in a parallelopiped of length c 
and cross-section A; or, since the momentum per unit volume within 
the beam is given by 


2 2 RN 
S=} EB] =r t cos at z/c) i 


So | 
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by an amount 
cAa? cos'e(t—z/c) 
C 


Since the total momentum is conserved, the average value of this expres- 
sion measures the average increase per second of mechanical momentum. 
The total force on the disk is therefore x’Aa?/2, and the pressure caused 
by the light, a?/2 as before. This so-called “radiation pressure" has 
been experimentally measured by Lebedew,* and later, checking the 
result just given to within 1 per cent, by Nichols and Hull. t 

Although this result can be obtained, as above, by the use of stresses 
in the medium or by the notion of an electromagnetic momentum, never- 
theless it is quite clear that it can be obtained directly from the equation 
(184) for the total force, without any necessity for interpretation of the 
various terms on the right side of that equation. Indeed, the fact that it 
can be so obtained would seem to be, in the last analysis, the only justi- 
fication] for the two calculations given above.$ 

$ 56. The Solution of the Field Equations for Free Space: the Wave- 
Equation. It is required to determine the-electric and magnetic vectors 
E and B through the field equations (167)-(170) of § 52. It will be as- 
sumed, as an initial condition, that the charges which give rise to the 
density p and whose field is to be determined were at rest in a finite 
region of space until after a time t, the field having been electrostatic 
up to that time. The equation of conservation of charge is, of course, to 
be satisfied at all times. 

In this general case, just as in the restricted case of magnetostatics, 
the equation div B=0 indicates the assumption of a vector potential A 
satisfying the relation 

B=curlA. 


It follows from substitution in (168) that the vector E+A/c has zero 


* P. Lebedew, Ann. Phys., Series G (1901), 436. 

1 E. F. Nichols and G. F. Hull, Astrophysical Journal, XVII (1903), 315; Ann. 
Phys., XII (1903), 225. 

tLe., the only theoretical justification; the final result may, of course, be tested 
experimentally. 

$ For a detailed study of the radiation pressure on a perfectly absorbing disk see 
W. F. G. Swann, Philosophical Magazine (7th ser., 1926), I, 584. He considers par- 
tial fields, the momentum associated with the field due to the disk itself, as well as 
forces of non-electromagnetic nature. 
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curl, so that* this vector can be determined from a scalar potential ©, 
Le.,T 


E+} A=—ve, 
or 
(194) B=-va-* A. 


The assumption of an electrostatic condition up to time to gives rise to 
the following initial conditions on ® and A: 


oP 
($),.2,7 4, 2), 
ðA 
(A):<.,=0 , CANET 


If the expressions for A and 4 be introduced into equations (167) and 
(169), each of the resulting equations involves both ® and A, viz., 


(195) -VA+V div Ac — Vb- 5 At” pu, 
(196) —V4— div A=p. 


However, only one essential characteristic of the vector potential A is 
controlled by the relation B= curl A, and, since it is possible] to specify 
the divergence of this vector without in any way affecting its curl, it is 
natural to assume such a value for the divergence as will simplify the 
problem by separating the potentials. The assumption 


(197) div 4- — Là 


* See Appendix, § 6, D. 

t The notation used here for the scalar and vector potentials is justified by the 
fact that these potentials are direct generalizations of the scalar and vector potentials 
previously used in electrostatics and magnetostatics. 


{See Appendix, $ 6, C, and the paragraph at the end of $6 
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accomplishes such a separation. Equations (195) and (196) then be- 
come, in fact, 


(198) VA pu, 


(199) ve- 


Conversely, if solutions of these equations are obtained, the resulting 
vectors E and B will satisfy the field equations (167)-(170) provided 
that # and A satisfy (197). However, adding the divergence of (198) 
and 1/c times the time derivative of (199), 


(200) vw- W=0, 
where 
_ W=div A+. $. 


Also, from the initial conditions, 
ow 
(201) (W)i<1,= (a) =0 
0t / t<t 


It will be shown later that these conditions force W to be identically 
zero, so that the solutions # and A of equations (198) and (199) and 
the initial conditions also satisfy the condition of connection (197). The 
vectors determined from the solutions of (198) and (199) therefore satis- 
fy the field equations. 

The problem of obtaining E and B is thus reduced to the equiva- 
lent problem of obtaining ® and A from (198) and (199). These last 
two equations are of the same analytical form, the right member being a 
known function in either case. Any equation of the form 


is called a *wave-equation," homogeneous or non-homogeneous accord- 
ing as x is or is not zero. Such an equation is met with in a study of the 
propagation of waves along a string, of longitudinal waves on a rod, of 
sound waves of small amplitude, and, in fact, in any problem in which the 
disturbances are propagated with a constant finite velocity. Since the 
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two wave-equations above are analytically similar, attention will be 
directed to &. The problem* may be reduced to one of two independent 
variables, in the manner of Poisson, by the introduction of a function U 
defined as 


(202) HOO f Giles 


r 


where the integration is taken over a sphere of radius r about the point 
P at which the potential ® is to be determined, do=r?dw being the 
element of area. It is clear from this definition that U vanishes for 
r=0; namely, 


- (203) U(0,t)=0, 


and that, from the initial conditions, 


(204) U(r, i) =" f ddo , 
(205) U(r) =0 , 


where the subscript 2 denotes the differentiation of U with respect to 
its second argument. If U be found, the value of ® at the point in 
question is given by 


(206) 470 —lim U(r,t) =lim nd =U,(0,t) , 


r=0 r r=0 


where the subscript denotes differentiation of U(r, t) with respect to its 
first argument. 

Multiply (199) by 1/r and integrate each term over the surface of a 
sphere of radius r about P. Then 


1 1 a 

1 f viede—A, f iao=— f? do, 
1 1 
1 f viado} Use - f* do. 


* M. Abraham, Theorie der Elektrizität, II (1918), 39. 
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However, 


[arf vam fae f aiv vade (38 apa 2 f sas, 


where the integration is throughout the volume and over the surface of 
a sphere of radius r, dw being an element of solid angle. Hence, dif- 
ferentiating with respect to r, 


ð ô 
ing. Ee 
efv dw ait ? sd à 
LA 2 & 
= 27 2 f gat MET ; 


or M 
1 1 o? 
r | vas - 1 f vende rà AE ? f ado ; 
2 
=$ r | ada ; 
9?1 
yep. 1 de = Un 
Hence 
(207) Unlr, 0-5 Url) = — f B do . 


Abraham has applied a method of Riemann for the determination of U 
and thus of 4$. His analysis is, however, unnecessarily complicated, for 
it is not necessary to find U itself, since, according to equation (206), 
the potential # is determined by U,(0,t), i.e., by the value at r—0 of 
the derivative of U with respect to r. 

The differential equation (207), holding for all values of its argu- 
ments, remains an identity in r and t when t—r/cis substituted for t, i.e., 


Us(st- j-3 4 Un (ni-2)- )-- (ae, tls 


where {p}, the so-called “retarded value" of p, is given by 


ioi = p(x, 2 r/c) . 
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Now 
ð 1 1 1 1 


] 
= Uu—3 U» . 
Consequently integration of the foregoing equation with respect to r 
from r=0 to r=c(t—to) gives 


$ r=c(t—to) c(t—to) 
[u(n-2) m ur) | - = -f TE do dr, 
C C C r=0 0 d 


(208) Us(c(i- 6,5) - Us) +2 Ur(e(t—t),t0) —* U2(0,t) = 


-f do a, 
A 


the last integral on the right being extended throughout the interior of a 
sphere of radius c(t—to). 

From equation (204), which holds identically in r, it follows on 
differentiating with respect to r and substituting c(t—to) for r, that, 
writing de — *do , 


oP 
Ui(c(t— to),to) = [5 f voe] | cond, AG e) do . 


The third and fourth terms of the left member of equation (208) vanish 
on account of the initial conditions (205) and (203), respectively, so that, 


using (206), 
so- | Eu «f (r bay) 
t) i—to) 


It has been assumed that the initial potential $y due to the charges in 
question was, until after the time to, the electrostatic potential due to 
these charges, which were confined to a finite volume of space. This 
potential is consequently regular at infinity, so that, however large r 
becomes, 


or 
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where f isa finite number. If then the initial time tọ be allowed to ap- 
proach —o, the equation results, 


: MEE 
(209) sd (i as, 


the integral being taken over all space. 
In the same manner the equation 


_ 1 ( {eu} 


is obtained. 
It follows as a result of the unique integral representation that the 
function » 


Wey Avid, 


mentioned above, is identieally zero, since it satisfies the homogeneous 
equation 


3 2 NN 
Tu C E 
V 2 0 
and the initial equations 


oW 
Wie (57). =0. 


The required equation of connection between the potentials @ and A is 
thus satisfied. 

$57. The Retarded Potentials.—In the discussion which is to follow 
it will be convenient to denote by t that particular instant of time at 
which the value of ® or A is desired. It is clear from the solution given 
above that the value of the scalar (or vector) potential $ (or A ) ata 
point O and at a time £, is to be obtained by summing, for all volume 
elements dr of space, 1/r times the value which the function p (or pu) 
had at these volume elements at times t—r/c; these times being earlier 
than 4 by just such intervals as would be sufficient, in the case of each 
volume element, to permit a disturbance arising at dr at time t—r/c 
and traveling with velocity c, to arrive at O at time £j. It is thus clear 
that if the charges producing the potential are all located within a mov- 
ing region V with respect to which they are stationary, then the region of 
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space which furnishes non-vanishing contributions to the value of 4 at 
time 4, does not coincide with the position of V at that or any other 
instant. A simple example will make clear that there will be points with- 
in V at which the retarded p vanishes, and points without V at which 
the retarded p does not vanish. Thus, suppose, in a problem involving 
only two dimensions, that V be a rectangle of length b moving with 
speed v directly toward the point O at which 4 is desired; and sup- 
pose that within V, p has 
the constant value po. Then 
the retarded value of p at 
a point P (see Fig. 51) is po 
Or zero according as 


JA — r)? 2 
d. (acea d-y goi 


x 
c , 


where a is the distance, at 
time £, from O to M, the 
Fig. 51.—The effective shape of a rectangular midpoint of the front face 
charged area moving with velocity v toward o. of V; and where z, y are the 
co-ordinates of P referred to 
M. Itis then easily calculated that the front and rear faces of the effec- 
tive integration region are portions of hyperbolae whose asymptotes 
have, to a second-order approximation in v/c, the slope +c/v; and 
whose vertices are displaced behind the corresponding faces of V a dis- 
tance equal, in each instance, to v/c times the distance of that face from 
O. Thus the “length” of the effective integration region, namely, 


= (a+b) ^ (a)-+b=0(1+2) 


is greater than the length b of V. The effectiveness of the charge in 
producing potential at O is thus increased by virtue of the motion of the 
charge toward O, and would be, conversely, decreased if the charge 
moved away from O. 

This simple example indicates that the calculation of the retarded 
values of p would be, in a more general case, somewhat difficult. But 
in any case where the charges under consideration are stationary with 
respect to a moving region V, an alternative interpretation of (209) 
leads to a method of calculation which is often more convenient. For the 
sake of clearness in the presentation of this new viewpoint, it is useful to 
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refer to points within V and fixed relative to V as "material" points, 
to distinguish these moving material points, at which the density of 
charge is independent of t, from the fixed and purely geometrical points 
of space. The point O at which the potential is being calculated will 
be located for convenience, at the origin; and will be calculated at the 
instant &,. In the discussion above, the reciprocal of r, the distance to a 
point P, has been associated with the retarded density at P. 'The al- 
ternative viewpoint is based upon the observation that it is equivalent, 
in the case under discussion, to associate the reciprocal of 7, the distance 
to P, with the value which the density has, at time t=t, at a material 


Fra. 52 


point P, which was at P at time t=t,—r/c; for the density at P; is 
the same as the density at P at t=t—r/c. The points P are the re- 
tarded positions in space of the material points Pi, since a disturbance 
arising at P when P, was there arrives at O at the instant 4, under 
consideration. To take advantage of this viewpoint, it is only necessary 
to transform the expression for ® so that the integration be performed 
with respect to the co-ordinates of the material points P, rather than 
with respect to x,y,z, the co-ordinates of P; for then the integration 
will be extended over V itself. 

Let é, n, ¢ be the co-ordinates, at the instant t=, of a certain ma- 
terial point P, of V. Each material point of V can be identified at this 
or any other time by the fixed values £, n, ¢ characteristic of that point. 
The co-ordinates of a material point of V at any other instant ¢ clearly 
depend upon what material point of V is under consideration (i.e., 
upon £, 7, ¢) and upon tł. Thus, let the co-ordinates at time ¢ of the 
material point Pi(é, n, ¢) be 


f(65£,m,t) , gE nt) , h (t£) à 
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so that the co-ordinates of P, the retarded position of Pi(£,5,4), are 


z-—f(r&np, 
(211) y-9(r£nt), 

z—h(r,EmtO , 
where 


t=h—r/c, P= type 


These equations give the analytical relation between the co-ordinates 
of P and P, which enable one to introduce £, y, ¢ as new integration 
variables in (209), namely, 


E: {p} 5 plén, 6) p(é,n,)dédndy 
E ik p au E f elima) di de caine: Kene C 
* Ilæ,y,z) 


The Jacobian occurring in the denominator may be readily calcu- 
lated. In fact, differentiating the first equation (211) with respect to x, 


1 — of 8 9f On, af 0t 
dE Ox | On OX Op OF 


» OT 
T Ox 
From this, and the eight similar equations obtained by differentiat- 
ing (211) with respect to z, y, and z, the partial derivatives 


d EN ot 
OU. das OR. 4 I OF 


may be calculated in terms of the quantities 


of af of ag ah 
aco a tite ae potnih ao 


Any one of these latter quantities, as, for example, 9f/0£, may be 
expanded as a Taylor's series in the neighborhood of the value t=h. 
Thus 


A 2. AD " ARP COE beu b 


Since, however, the equation 


£ =f(t,§,7,) 
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(Gala y 


holds identically in &, n, ¢, 


Also 
(r—&) 7 —r/e, 
so that 
(5) 7179). 
Similarly, | 
(4^ --1(2) vr dE me fhe 
On/t=r | cNOn/i-u. 2C?\ On) 1-4 


§ 57 


Thus, from the nine linear equations indicated above, one calculates 
the partial derivatives which enter the required Jacobian, each of these 
derivatives being given as a power series in r/c, the coefficients in these 
series involving the spatial variation, relative to the body, of the com- 


ponents of velocity, acceleration, etc. 


If the region V be moving with constant velocity w in some direc- 


tion, say that of the x-axis, then 


J(5£,m €) —-i- (t—&)w ) 


g(t,é,7,6) ze 
h(t, nt) =¢ , 
and 
E) S (2 4 (2D) d 
( xx i ON) t=r 2d OF] tar 2o 
etc. Then 
9E; 9T 
lert ox’ 
30 that 
of — zo. 
icantioberds’ 


289 


§ 57 THE ELECTROMAGNETIC FIELD 
while 

m . 

b wu : 


etc. The functional determinant has then, for this case, the value 


Bao. oq 
a 
i 1+b 
abc | Wah tony goal 
where 
dE ly 
iS „Ttm t) , b= 2 pU g([r,£ mt) , 
1 
c=- ii h(r,£ vt) . 
Thus 
OE m TIED, y 4 z - 
0(z,y,z) n | Inns) +7, (rnt) + kno : 


The quantity within the brackets is the component of the velocity 
of the material point Pi(£, 7, ¢) in the direction from O to P, taken 
at the retarded time 7—1,—r/c, i.e., it is the negative of the retarded 
radial component u, of the velocity of Pi(£,5,£), if this radial compo- 
nent be reckoned positive from P, to O. Thus 


olme) _ 1 
0(z,y,z) bd 
'This value for the functional determinant has been derived under 


the assumption that the body has a constant velocity in the x-direction. 
However, if the body moves so that 


fn) e EE hw ET a 


where 10,9, . . . . , are the velocity, acceleration, . . . . , in the z-direc- 
tion, the foregoing calculation is unchanged. If the body rotates as it is 
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translated, on the other hand, the functional determinant has the more 
general value, to be calculated as indicated above. 

In changing the variables of integration in the expression for o, it 
should be further noted that 


r(z,y,2) = (r(5 m0) , 


where r(r,y,z) is the distance from O to P, and r(£m,t) is the dis- 
tance from O to Pı. Finally, then, 


a dele 
can ho aeie i 
des 


It should be remembered that this equation gives the value at O and at 
time &, of the potential # due to a configuration of charges which, con- 
sidered as a whole, has rigid body motion of translation with no rota- 
tion. The quantities £, n, £, r, and u, specify (at the time £j) the posi- 
tion with respect to O, the distance to O, and the radial component of 
the velocity, respectively, of a material point within this moving con- 
figuration. It may be, at first sight, doubted whether this expression is 
more simple than (209), especially since the integral has not been freed 
of retarded quantities. But in the new expression (212) the dependence 
upon time of the quantities which are retarded is explicitly expressed. 
To obtain the retarded quantities in a specifie case it is only necessary 
to solve equations (211) for z, y, z in terms of £, n, ¢ and substitute 
these values in 


(212) 


{r} =r(z,y,2)= (+y +2) , 
{u} 3m ow: Jib) ns gr, E m) ee h(r,£,0,¢) . 


In making the analogous transformation of the integral which gives 
the vector potential A, one new consideration enters. The vector func- 
tion u cannot be treated as was the scalar function p, since it is not 
true that the velocity at the point P at time r=tı—r/c is equal to the 
velocity at P, at time t. Since, however, the material point Pi(£) 
was at P at the time 7, the velocity at P at time 7 is simply the 
velocity, at time 7, of the material point Pi(£, n, £), i.e., it is equal to 


ij (rtm t) d-Jü(r 6m FRAT Ent) « 
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Denoting this quantity by {u}, it follows, the other details of the trans- 
formation being identical with the former case, that 


f 
(213) A= i p(Emt) tuj d£dad£ 5 
E 

It should be carefully noted that the identification of the density at 
P, at time & with the density at P at time v is true only for rigid 
body motion, so that the resulting formulas apply only to such motion. 

$58. The E and B Fields Due to-a Moving Configuration of Rela- 
tively Stationary Charges.—By means of the relations 


B=curl A, 
plays si, : 
C 


and the expressions (209), (210) or (212), (213) for the retarded poten- 
tials $ and A, the field due to any system of charges moving with 
rigid body motion can be ealeulated.* The integrals (209), (210) and 
(212), (213) give the values of 9 and A at the origin. Before differen- 
tiating @ and A to obtain B and E, it is necessary to modify these 
integrals so as to bring into explicit evidence the co-ordinates upon which 
$ and A depend. Let the values of $ and A be sought at the point 
X, Y, Z and at the time t rather than at the origin at the time t. Then 
clearly 


(214) &(X,Y,Z,) = 1 (£n, C) d£dudt j 
4r Ur 
inv deci 
Cc 
4c 


E 


{r} vig y,2) -[(X —2y--(Y —y)*-(Z — 2), 


where now 


{u} = aoe Lita ee T ! alrend t \ = h(r.En,8) « 


* There are, of course, restrictions on the use of (212) and (213). These restric- 
tions were met in connection with computing the Jacobian in § 57. 
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It will also be recalled that 


z-—f(r,£ mt) , y 7 g(r,£ nt) , z=h(r,&,n,¢) ’ 


The expression for {r} has been written so as to be consistent with the 
definition 


ir =1(X—2)+j(Y —y)+k(Z—z) . 


This vector points to X, Y, Z from P(z,y,z), the retarded position of 
the material point £f. The definition is chosen thus to conform with 
the previous definition of {u,}, the component of {u} in the direction 
of {r}. In the discussion which follows the braces will be omitted from 
the expressions {u}, {ur}, and {r}, andit will be understood, wherever 
u, ur, and r occur, that the retarded values of these quantities are to 
be used. No confusion can arise from this convention since only retarded 
values of u and u occur, and since a different notation will be intro- 
duced for the distance from £3, £ to X, Y, Z when this unretarded dis- 
tance occurs. 

The equations just given form the analytical basis for the calcula- 
tion of E and B. In differentiating with respect to X, for example, it 
must be noted that xz, y, z are functions of X, Y, Z, since zx, y, z are 
functions of 7, which, in turn, depends upon X, Y, Z. That this must 
be so is clear physically since x, y, z are the co-ordinates of the retarded 
position of the material point £,7,f; and the retarded position obviously 
depends on the point X, Y, Z with respect to which the retardation is 
carried out. Since the equations involved are rather long, it will be con- 
venient, at certain points, temporarily to replace x, y, z by x; (¢=1,2,3); 
X,Y,Z by Xy and f, g, h by fi. As just stated, z; are functions of 
Xj; in fact, 

Oz; at OT 
ox; T i OX; , 


whereas 


Lu Son) or; Xi—ti 
ay. 5 cr OX; cr 4 
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or, substituting from the previous equation and solving for 07/aXi, 


OT — (Xi— zi) 


Av TY 
ES 
c 
thus, introducing the abbreviation (1—w,/c) =H 


Lor WN al 
OX; crH 


With these preliminaries disposed of, the calculation of E and B is 
easily accomplished. In fact, 


" ^ri pu 
B=curl A= A f eurl 5 dédndt , 


the differentiation under the sign being unquestionably legitimate so 
long as X, Y, Z is not within the region of integration. However, v 
being a scalar and V a vector, 


curl vV=v curl V4-[V», V]. 


Hence 


ED E (8 curl u d£dgd£ + 1 af or; u|atandy . 


Now, 


ges gb. 
curl, Ungar h(r&n4)—57 glr, mt) , 


NOM LPS 1 |- Z—z r:Y-—y 
=h y TUE aj r ‘ f |, 


lane 

Fi cH [úri] y , 

where 7; is a unit vector in the direction of the retarded vector r. Thus 
lua) [ún] 

curl u=- [un]. 


Turning now to the second integral in the expression for B, 


Lau. vH 
H Hr rH: 
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But, from the definition of H, 
VH= P. VAT: am 
c 


--iv i DAK a) hv DA 


Therefore, substituting, 


1 | 2 fX) 


1 1 ; 
T It eerte rau VEX 2) , 


rH 
il 1 il 
=y} V Ttg aam V Zf(X.—x). 
Now 
1 X—x X-—zm.. X;-72; 
(v5) =- (Vr) y= — 3: — Sapp ? fi 
uad ia tha (ibis 
UE r i? c?H| rH ? 
so that 
o ds suh 
vr rH 
Also 
(VZf(X;—2)) 42 ZXi—2)(Vf) y+ ZF(V(G — 02), , 
OT mE. Ox; 
—-3y MG zi) — Efi x 
ees “i ado 2 
X-zr ED C, : 
"Xe eR Tyr gotta 
so that 
Vifi(Xi—2i) | 
HO 7 ann Cot ign cog 
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Hence, finally, 


ri(u,u) u 


1 71 ri(r,,u) ef, 
er HS cri 


TH rE cn 5i 


and 


1 — [u,ri] Cru) +e- (u,u)] 
[v rH’ u| P erH? E 


Substituting this value, the value of B is given by 


er H? ër HS 


T 


(216) B=; fi lúri] , [uri] (rd) e — een p (Em, t)dEdndt ; 


To avoid confusion when reference is made to this important equation, 
the braces are written in the integrand to indicate that the retarded 
values of u, à, r, rı, and H are to be used. To carry out the integra- 
tion in a given case, it would be necessary to eliminate the variables 
7, x,y, z from the integrand, and express it as a function of X, Y, 
Z, t and the parameters of integration £, n, ¢. This would be accom- 
plished by solving equations (211) for x, y, z, r in terms of £, n, ¢,X, Y, 


Z, t and substituting. 


In the analogous calculation of E only one new point arises. In dif- 
ferentiating A with respect to t, it is necessary to note that x, y, z are 


functions of t. In fact, 


OL, _ ; OT 


ED zhi et? 
whereas 
OT 1 Ox; T 
Dus ri o eru 


or, substituting from the previous relation and solving for 07/dt, 


2 d 
c 7 
Thus, 
Pu ror m 
a” a H 
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The other details of the calculation are entirely similar to those just 
given, and it is found that 


UN. ji 
(217) p.i i (n-2) tinc (u,u)] 


4r rH? er? H? p(£,m, C) d£dndt : 


$59. The Field of a Uniformly Moving Point Charge.—The general 
formulas just found give the field due to any system of charges moving 
. with rigid body motion. Certain special cases which come -under the 
foregoing formulas will now be discussed. Consider first a single 
point charge e moving with 

à ; O 

uniform speed w in the 
z-direction. For a point 
charge (or for an extended 
charge provided the dis- 
tance to the point X, Y, Z 
is large compared to the di- 
mensions of the charge) the 
quantities in the brackets 


in (216) and (217) may be ' À ) 
tenoved from "under. Vis h- ng 53.—A point charge moving with ve- 
h ^ j : ocity w. P, is the instantaneous position of the 
sign of integration, the in- charge, and P the retarded position, relative to 
tegration of p then giving the observation point O. 
simply the total charge e. f 
In the case of an extended charge the approximation involved in thus 
removing from under the sign the terms involving r (the retarded dis- 
tance to X, Y, Z from the various portions of the charge) can be defi- 
nitely estimated, in any given case, by expanding the integrand in a 
power series in ro, the distance to X, Y, Z from the retarded position 
of some one definite point of the charge. In the case here considered, 
since u=0, u—uw, 


w 
e(1— 8?) icd 
4r ree j mr THs ? 


py 
IU 
Cc 


(218) [m 


where 8 is the ratio of the velocity of the charge to c, i.e., where 
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Now (see Fig. 53), 


where R is the unretarded vector to X,Y,Z from Pi, the position of 
the charge at time ¢. From the figure, 


PM =w, a - 
c 
so that l 
Mo=r(1-*) =rH 
Also 


MO=R cos x - RV1—sin? x . 
But, from the triangle O P P, 


sinx w 


sinye f? 
so that 
MO-rH - RV1—g sin? y. 
Thus, 
(219) pC aed A 


4r | R6 (1—g8 sin? y)??? 


where the value of the vector E at time ¢ is now described entirely in 
terms of the position of the charge at the same time ¢. It is important 
to note that the magnitude of E varies inversely as the square of the 
distance from the charge. 

In just the same way, from (216) 


_ e€(1— 8?) [w,r] 
50 is 4rc PH?’ 


2e01— 99 [w,r] 
4rc | RP(1—8? sin? y)? * 


But, since wr/c+R=r, 
[w,r]=[w,R] , 
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so that 


p.c aiu [w,R] 
4zc R3(1—? sin? y)?^ 


(221) 
Lig. 
Cc 


The electric vector E is thus, at any instant, directed from the charge 
toward the point at which E is being measured, while the magnetic 
vector B is normal to E and to the velocity of the charge. 

The moving charge in question would exert a force of 


F=E+~ (w Bl 
per unit charge on any other charge which also has a velocity w, so that 


the two are fixed relative to each other. From the expressions just found 
for E and B it follows that 


F,=(1—6)E, , 
F,-(1—8)E,, 
F.=E,. 


However, introducing the co-ordinates X,Y,Z of the point at which 
the force is being determined, and taking, for convenience, the origin of 
co-ordinates for X,Y,Z at P;, the position of the charge at time £, 

: X?+ Y/Y? 

2 —- aaa 

al a ze 

so that 

(222) rH =RV 1— f sin? y =V Z?+ (1— £)(X?4- Y?) . 


It is then readily seen that the three components of the force F are the 
negative partial derivatives with respect to X,Y,Z of the scalar function 


Motor «(1— 8) 
n O= 4mH eV BABE) 
That is, 
(224) F-—ve 
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This function ©, which is called "the convection-potential,” plays a 
róle in the case of a charge moving with constant velocity which is 
analogous to the róle played by the electrostatic potential in the case of 
a stationary charge. 

$60. The Field Due to a Uniformly Moving Extended Charge.—Sup- 
pose now that the charge whose field is to be determined moves with 
uniform velocity w, as in the previous case, but is not small enough to 
permit the identification of the distances from X,Y,Z to its various 
points. It will be remembered that £,5,( are the co-ordinates of the 
material points within the charged region at some definite time, and it is 
convenient, for present purposes, to choose for this definite time the 
instant ¢ at which the values of the field vectors are desired. Then the 
vector from the volume element dé dn dt (located at £,,¢) to the point 
X,Y,Z has scalar components X —£, etc.; and, just as was shown above 
in equation (220), 


rH =RV 1— f sin? p=V (Z= +0- 8)(X — 2+ (Y—1)4] , 


the modification in the last expression arising from the fact that P; is 
no longer the origin of co-ordinates for X,Y,Z. The expression for ® is, 
thus, from (214), 


In a p(E,n,6)dédnd¢ 
i vos pe agas d 


Now if new variables Z’ and ¢’ be introduced, according to the relations 
Z=V1— TES f[-V1—BtC, 


the integral becomes 


1 ji p(E,n, V/1— Bx’ )dédndt’ 
4a} [(X— D ECE R9) Aa 


This, however, is the expression for the electrostatic potential at a point 
X,Y,Z’ due to a charged volume which is obtained from the instan- 
taneous volume, occupied at time ¢ by the actual charge in question, by 
stretching this actual volume in the Z-direction in the ratio 1:V/1— æ. 
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The charge density at corresponding points in the actual and fictitious 
stretched volume is, as the integral now stands, the same; so that the 
total charge in the fictitious stretched volume is larger than the actual 
charge in the ratio 1: :VA-É =e. Thus if a new volume density p’ be de- 
fined by the ee 


p (Ent) 2 V1— Bol En, V1 — BX’) , 


the total charge in the fictitious volume is the same as the actual total 
- charge, and the fictitious distribution of charge would be producible by 
an actual stretch of the actual charge. Then 


QD’ 
225 $-— D 
where 
dt UI LEE SAI NM 
a ral [HEF = + Z-UE 


It is in no wise necessary, and from one point of view is unfortunate, to 
introduce the density p’. The relation (223) would be simpler if the 
original density p(£,5,V/1— ^t^) were retained, since the factor V/1— 8? 
would then not be present. The,only possible advantage of introducing 
p'is that then the fictitious distribution is producible by an actual 
stretch, holding the total charge constant, of the actual distribution 
'This in itself may easily be, however, a disadvantage, since it tends to 
conceal, rather than emphasize, the fact that the stretched configuration 
of charge is purely fictitious, and is introduced for purposes of mathe- 
matical convenience. 

It follows at once from (215) that for the case here considered of uni- 
form velocity in the Z-direction, 


(227) LM ta 


Az=6® 


It has thus been shown that the scalar and vector potentials at a point 
X,Y,Z due to the moving charge can be obtained by calculating the 
electrostatic potential of a fictitious distribution of charge which !s 
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obtained from the actual instantaneous distribution at time ¢ by stretch- 
ing in the Z-direction in the ratio 1:V/1—8?, holding the total charge 
constant. It is evident from an inspection of (226) and (227) that the 
moving charge carries its field with it, 1.e., that # and A have values 
independent of the time at points which move so as to be fixed relative 
to the moving charge. It follows directly from this that, for example, 


0Az OAz S 
E At wAt=0 ; 
or 
0Az — 0Az 
ees) ge Hun xu 


since the first of these two equations expresses the total increment 

Az experiences in moving from a given point to the position which this 

point would occupy, after an interval At, if it moved with the charge. 
The components of E may be written at once as 


"CTUM Em et Pons dia 

pM OS eee -— 122 T te 

(229) By= ap Sala B)i a, 
EN Az d i Een 
Ez A497 ich Bi mee Er a Ado 


the relationships (227) and (228) being used in obtaining the value of 
Ez. Also, from 


Bx= Bor =p- pe SS, 
(230) —— p98 ga- g- 99 
By= 8 aX pa 8?) T ax’ 


Bz=0. 


The Poynting vector S and the electromagnetic momentum vector G 
can now be written at once in terms of the function ®’. Since by defi- 
nition 
S=clE, B], 
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it follows that 


OP’ de’ 
28.4 NS e 
c8(1— 8?)- BN ðzZ' , 
dg’ op’ 
Pyer 2Y2:1/2: 5400 
(231) By-—c8(1—8) ^ 3yr agi 


_ eB [/ae’\2 aPN? 
Sacs al (ax) Hor) |: 
and writing dr! =dXdYdZ’ = (1—8)-^dXdYdZ = (1 8^1? dr, 


deb — B( av’ ow 
Ge f sxar= ag’ ax 9" 


/ X 
(232) java) f sva - P (28 ar, 
AVE /N 2 
sed foreste f) Qr 
where the integration is carried out over all space. 

A calculation equivalent to the foregoing has been used by various 
writers to investigate what properties of the elementary charge, an elec- 
tron, follow from various assumptions concerning its shape. Thus Abra- 
ham* considered the case of a very thin spherical shell of charge, or what 
amounts to the same thing, a sphere with uniform surface density of 
charge. The fictitious stationary configuration is then a prolate ellip- 
soidal homeoid, or, in the case of a surface density of charge, a prolate 
ellipsoid whose surface charge turns out to be distributed in its equi- 
librium configuration. The field 4' of such a static distribution being 


known, the fields, E,B and the vector G due to the moving spherical 
shell can be calculated. Abraham found, for example, 


Gx=Gy=0, 


(233) e es = 


dins gp 9E1—-g8- 8 
where u is the radius of the sphere and e is its total charge. 


* M. Abraham, “Prinzipien der Dynamik des Elektrons,” Ann. der Physik, 10 
(1903), 105. 
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Before investigating the consequences of this expression for the elec- 
tromagnetic momentum due to a moving sphere, the corresponding 
expression will be obtained for an electron of slightly different shape. 
Since the fictitious fixed configuration is found from the instantaneous 
actual configuration by stretching, in the direction of the motion, in the 
ratio 1:V 1—6?, it is clear that if the actual configuration were an 
oblate spheroid of semi-axes a, a, aV/1— 6? in the X-, Y-, Z-directions, 
respectively, then the auxiliary fixed body would be simply a sphere of 
radius a, the potential # due to which can be written down at once. 
Now in an attempt to explain the celebrated Michelson-Morley experi- 
ment, Fitzgerald and Lorentz independently suggested, that when a 
body is in motion with respect to a system of co-ordinates this body is 
contracted, all dimensions (as observed in this system of co-ordinates) 
parallel to the motion being made shorter in the ratio V/1—/?:1, while 
the other dimensions are unchanged. Assuming such a contraction, a 
spherical electron of radius a would become, if it were in motion, an 
oblate spheroid of semi-axes a, a, av 1—£?; so that the associated elec- 
trostatic figure would be, as was just mentioned, a sphere of radius a. 
An electron which is, when at rest, a sphere, but whose dimensions 
change, when it is in motion, in the way just discussed, is called a 
“Lorentz deformable electron,” to contrast it with the Abraham *'rigid" 
electron. For a Lorentz electron, at outside points, 


uite 
ETE 

where R’ is the distance from the position of the center of the sphere to 
the point X,Y,Z’; while at points inside the sphere, # has the constant 
value e/47a. If these values are substituted in equations (232) for the 
components of G, it is clear that the integration 1s to be extended over 
all space exterior to the sphere and that, from symmetry, the X- and 
Y-components of G vanish. Moreover, since 


fet) f(a =f 


when these integrals are extended over the region exterior to the sphere, 
the Z-component of G is given by 


ape 93^? , /ab’\? , /ae’\? 
aama iza) | ax) ter) eon) | 
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RD Be? Jn xt A 
48vcV/1— 6? R" ge 
pe 4rR’dR’ eB 
234 = D m ———————— , 
MED 24z?cV 1 — g? f E^  6rcav1—&@ 
Now since 
dG 
KREA 


the force on either the Abraham rigid electron or the Lorentz contractile 
electron can be found by calculating the time derivative of the expres- 
sions which give, in the two instances, the electromagnetic momentum 
associated with the electron’s field. It is ‘clear that when w is constant, 
this force is zero in either case. But it has been assumed that for very 
small percentage changes in velocity, the expressions (233) and (234) give 
the proper instantaneous values of the varying G vector. Motions in 
which the changes of velocity are small enough to permit this approxi- 
mation have been called ‘‘quasi-stationary”’ motions. Since the electro- 
magnetic momentum vector has been found to be parallel to the velocity 
vector w, it is possible to write 


G--—w, 
so that > 
ae 
pa—26__4(G,\___%,_ ¢ dw 
ha Sain: J d wd ` 


The time derivative of vector velocity is vector acceleration, so that, 
resolving the acceleration into a tangential component j’ and a normal 
component j” , 


dw | ;! vt 
ap ad rhe deere 


Moreover, since the magnitude of the tangential component of the accel- 
eration is the time derivative of the scalar speed, 


dw ay Sua! 
DN SC 
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Thus 
E". "m ( l+ — "urs ( / j^) 
= di ap E pw Tr , 
af 


Nu, vw, G 
= (oo ae t ( af 


or, replacing w by its value c, 


ul Oen LU 

sad. Ime 
(235) F=-j c dB j B` 
If there be acting on the charge in question an external force Fe in addi- 
tion to the force due to its own field, then the total force F+Fe is re- 
lated to the ordinary mechanical mass of the charge by the equation 


F+Fe=mj=m(j'+j"), 
so that 


| à KaG t G 
(236) Fe=j'(m+t 6) I (n) 4 


Thus, when an external force is applied to the charge, it reacts to this 
force as would a neutral body possessing, with respect to tangential 
accelerations, a “longitudinal’’ mass 


piety de 
(237) m+m I. dB ' 


which is different from the “transverse” mass 


(238) caer cop ra ; 
cB 
which resists normal acceleration. For this reason the quantities 
1 4G 
, C pc E OMNE 
(239) pb. B" 
G 
TIE SUP 
(240) "i2. B? 
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which have to be added to the ordinary mechanical mass to obtain the 
effective longitudinal and transverse masses, have been called the ‘‘longi- 
tudinal" and “transverse” electromagnetic mass of the charge. Such 
an increase in effective mass due to the presence of charge was worked 
out by J. J. Thomson for the case of a charged sphere before the concept 
of an electron had been advanced. The situation is analogous to the 
case of a sphere moving in an incompressible perfect fluid which extends 
to infinity in all directions. If a force operates on such a sphere to change 
its state of motion, the sphere reacts to this force, due to the fact that 
the state of motion of the surrounding fluid must also be changed, as if it 
had a mass greater than its actual mass. In this hydrodynamical analogy, 
however, the addition to the mechanical mass turns out to be a constant 
independent of the velocity, and no distinction exists between the trans- 
verse and longitudinal masses. From equations (233) and (234) and from 
the definitions just given, the longitudinal and transverse electromag- 
netie masses of the Abraham rigid electron and the Lorentz contractile 
electron can be easily calculated. In fact, for the Lorentz electron, 


/ — q2-3/2 — 
io E 8) 


sso tt B+. suola 


ME 
malpara 2 » 


(241) 


m= oe um ik er 


while for the Abraham electron . 


m =- Br PHS gu. zr 
ele] 


where these quantities have been expanded in a power series in 6 for 
ease in comparison with the preceding values. It is seen that for very 
small velocities the longitudinal and transverse masses are equal, and 
are, moreover, the same for the rigid and the deformable charge. This 
zero-velocity electromagnetic mass is, in fact, given by 


e 
6ra’ 
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while in general the longitudinal mass is larger than the transverse mass. 
For small velocities the two values 


m'=m(1+3 B+... ) j 


n =mo(14+3 B+... .) A 


which hold for the Lorentz and Abraham electrons, respectively; are so 
nearly the same that only very careful experimentation can decide be- 
tween them. In fact, vacuum-tube experiments which show the variation 
of mass with velocity have not decided with absolute certainty between 
the two hypotheses, but the evidence at present is strongly in favor of 
the Lorentz contractile electron. 

The results just found for the force on an electron due to its own field 
have been obtained by using the vectors S and G. In connection with 
previous discussion concerning the concepts of the Poynting vector and 
the electromagnetic momentum vector it is worth while to note that the 
present results could be obtained directly from the fundamental equa- 


tion 
Rx f p[e+! m 


without utilizing either S or G. Indeed, the identification of this ex- 
pression with the quantity 


where S=[E,B]/c depends, it will be remembered, only upon the vanish- 
ing of the surface integral 


f[2E,E--2B,B— (E?+ B?)n]do 


as the surface over which the integral is extended recedes to infinity so 
as to inclose all of space. In this particular instance it may be easily seen 
that this surface integral vanishes for all times, since ach component of 
E or B vanishes as 1/7?. It may be, in a definite case, that the calcula- 
tion of the integral giving the vector G is simpler than the correspond- 
ing direct calculation of F; but it is clear that in this important example, 
at least, there is no necessity for attempting to interpret physically the 
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intermediate stages of the calculation. The original expression gives the 
force; any quantity into which this can be legitimately transformed also 
gives the force; and the intermediate steps are of analytical, rather than 
necessarily of physical, interest. 

In equations (237) and (238) the expressions for longitudinal and 
transverse masses have each been written as the sum of two terms, a 
“mechanical mass" term and an “electromagnetic mass" term. The elec- 
tromagnetic mass depends, in each instance, on velocity. At the time 
these formulas were originally developed, it was assumed that the me- 
chanical mass was independent of velocity. Thus when the experiments 
revealed an actual change of mass with velocity as predicted by the 
electromagnetic-mass terms, and no residual mass independent of ve- 
locity, it was natural to conclude that the entire mass of the electron was 
electromagnetic in character. This argument no longer has force, for it 
has subsequently developed, as an essential part of the restricted theory 
of relativity, that ordinary mechanical mass, if there be any such thing, 
varies with velocity in just the same way as does electromagnetic mass. 
The justification for continuing to assume that the mass of the electron 
is entirely electromagnetic is that it is the simplest assumption, and, if 
tenable, therefore the most desirable. 

The assumption that the mass of the elementary charge is entirely 
electromagnetic is more than a mere choice of name. For this assumption 
carries with it an assumption concerning the motion of elementary 
charges. In fact, if the ordinary mechanical mass be zero, then the equa- 
tion just before (236) shows that the total force on the charge is also zero. 
That is to say, when an external force acts on an electron, it moves in such 
a way that the reaction of its own field on itself exactly cancels the applied 
force. This conclusion concerning the motion of a charge is, in one sense 
at least, a very curious one. It is the result, on the one hand, of an as- 
sumption that an electron is quite unmechanical in that it has no me- 
chanical mass, and, on the other hand, of an unwillingness to give up the 
fundamental equation of mechanics. It can hardly turn out to be a satis- 
factory principle unless it be indeed true that the equations of mechanics 
are more fundamental than the concepts of mechanics. 

$61. The Field Due to an Oscillating Dipole.—An important case 


which can be treated by means of equations (216) and (217) is that of a pe 


positive charge +e stationary at a point P accompanied by an oscillat- 
ing negative charge —e which vibrates about P. The two charges then 
form a dipole whose vector moment p is a function of time. The case 
ordinarily considered is that of simple harmonic oscillations, and the 
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vibrating doublet is sometimes called a “Hertzian oscillator." The field 
due to such an oscillator will be found under the restricting assumptions 
that the velocity u of the negative charge is small compared to the 
velocity of light, so that only leading terms in the ratio u/c will be re- 
tained;* and that the dimensions of the charges and the displacement 
between the two charges is small compared to the distance to the point 
O at which the field is being investigated. All quantities except p can 
then be removed from under the integration sign in (216) and (217), the 
integration then giving the magnitude of the charge concerned. The re- 
tarded values of r, m1, or r may, on account of the foregoing assump- 
tion, be identified with R, Ri, or R, where R is the vector from P to 
O. Further, since the moment p of the doublet is the product of —e 
and the vector displacement which locates +e with respect to —e, 


p=-eu, 
p=-—. 


(243) i 


The vector B due to the doublet is clearly all due to the oscillating nega- 
tive charge, since the velocity of the positive charge is zero. Since only 
leading terms in the ratio u/c are to be retained, it is clear, from (216), 
that the portion of B depending on the inverse first power from the 
dipole is 


ü 
e l: i L3 e ù un 
AxcR | HP -éR R| [1+2 Pk m || 


AC [i Ri] 
4r?R ’ 


(244) E 


while the leading term depending upon the inverse second power of the 
distance is 


ta] 
“ase i ate nlt] 
_ L6 Ru; 


(245) Acc? 


* This statement also furnishes a criterion for dropping higher powers of w/c 
since in the case of simple harmonic motion the magnitude of ú is of the order of 
vu, where » is the frequency. 
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Thus 


me 6 {{u,Ril} € {[u, Tu, Rij} 
(245) m R 4x! R dw ^C 


which can also be written, from (243), 


1 ([5,RJ) , 1 ([5,Ri]) 
(247) —R Arce Tm åre ` 


The fixed positive charge +e contributes to the E vector the one 
term 


eR 1 
Ar R? 


obtained from (217) by setting u—0, or directly from Coulomb’s law. 
The leading term in 1/R due to the negative charge is 


NET. ù e i 
ix (e P R)] = -ieg RRi, 


_[RIR,Ż)] 
4rek? C 


the factor H? disappearing, just as above, since its inclusion would in- 
volve higher powers of u/c. The leading term in E due to —e and 
varying as 1/R? is 


aS 
Av R? 


where, for a reason which will appear presently, the retarded vector 
{rı} has not been set equal to R,, as was done in the other term. Then 


S {[R:[R 21} € 
(248) Peur Du Lim (Ri— (r1]) . 


In the neighborhood of the vibrating doublet it is clear that the term de- 
pending upon 1/R? will predominate over the term in 1/R, while for 
more distant points the term in 1/R? will be negligible compared to 
the term in 1/R. The latter more distant region, in which the 1/R? 
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term may be neglected, is called the *wave-zone." In the neighborhood 
of the charge the field is given by 


1 . 
B= zzp bI , 
(249) 


E= (Ri— {r1}) . 


The B vector has the value which, according to the Biot-Savart law 
(107), would arise from a steady-current element 


Ids — ibi 


Eee Cr 
cin MUS 


This current —<{u} is the current due to the motion which the charge 


did have at time t— R/c: i.e., in the neighborhood of the vibrator, the 
Biot-Savart steady-state values of B are propagated outward with 
constant velocity c. The E vector in this region is clearly equal to the 
electrostatic E vector due to the instantaneous moment which the di- 
pole possessed at the retarded time t—R/c (itis clear that the identifica- 
tion of Ri and (ri) would conceal this fact; this explains why the two 
vectors were not identified above). That is, the electrostatic values E 
characteristic of the instantaneous state of the dipole are propagated 
outward with constant velocity c. 
In the wave-zone the field is given by 


ERU 202971 
s 4rek ’ 
R= {[p, Rl } 


4reR ` 


(250) 


From these values it follows that 
E= [B ,Rij , 


so that, since B is normal to Ri, the magnitudes of B and E are equal. 
This magnitude, moreover, depends only on the component f, of p 
normal to R, since p may be written as the sum of this normal compo- 
nent and a component f; parallel to R; and 


[butb Ril=[p1, Ril . 
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If 0 be the angle between p and R, then 


{p} sin 8 
(251) E=B= TE epa 


The three vectors E, B, and R are mutually perpendicular and form a 
right system, the orientation of E and B in the plane normal to R be- 
ing fixed by the fact that B is normal to the projection of f on this 
plane. It should be noted that the portion of the total E and B fields 
which varies as 1/R, that is to say, the field in the wave-zone, is due not 
to the velocity of the charge, but to its acceleration, and, in particular, to 
the component of this acceleration normal to the line drawn to the oscil- 
lator. The electromagnetic theory of light teaches that a plane-polarized 
beam of light moving in the x-direction is nothing other than the electro- 
magnetic field 


B,—E,-a cos (1-5) : 
(252) c 


B,=B,=E,=EH.,=0. 


In such a field E, B, and the direction of propagation form a mutually 
perpendicular right system, just as do E, B, R above. Indeed, it is this 
fact that has led to the use of the term ‘‘wave-zone” for the region in 
which the 1/R terms predominate. In the immediate neighborhood of a 
point in the wave-zone, the field is entirely similar in character to the 
plane-polarized wave (252). However, the amplitude a is not uniform 
for points on a sphere about the oscillator, but varies, according to 
(251), as the sine of the angle between R and the axis of the oscillator. 
The amplitude is thus a maximum on the great circle whose plane is 
normal to p, and is zero at the points in which p (extended) cuts the 
sphere in question. Further, the amplitude falls off as the inverse first 
power of R. 
The Poynting vector 


S=c{E,B] 


has the direction of R, and a magnitude (since E and B are perpen- 
dicular) 

(p)? sin? 0 

lorem. ° 
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This expression indicates a maximum energy flow in the direction normal 
to the axis of the oscillator. The total flux U of energy out through a 
sphere of radius R is, using the zonal area between 0 and 6+dé@ as the 
element of area, 


U= ante { TII ipi. 


this expression giving the instantaneous value of this energy flux at 
time t. If the negative charge of the oscillator vibrates with simple 
harmonic motion of frequency w/2z, so that 


P= bo cos ot, 


po being the amplitude of the vibration, then the vectors E and B are 
both simple harmonic functions of the time, and 


2mc 
Q 


is the wave-length of the resulting disturbance. The wave-zone region 
may be characterized somewhat more definitely than previously in terms 
of this wave-length à. In fact, going back to equation (247), the ratio 
of the 1/R term in B to the 1/R? term is 
D cH Ep Ro 


c PITE on 


p R 
Re p cp c Ax 


so that the wave-zone is the region for which R is large compared to A. 
The same characterization results from a comparison of the terms of E. 

The time average of the energy flux out through a sphere of radius 
R may now be written at once. In fact, 


p TOR D 


whereas, since the variation with time is sinusoidal, 


so that 
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It should be noted that U and U are independent of the radius R of 
the sphere used in reckoning the energy flux, so that there is a flow of 
energy continuously away from the oscillator. If the average energy 
of the oscillator be W, then since it is the source of the energy flow 
just calculated, 

4T?*cp; 


(253) DUE — U = 3M. . 


If the negative charge of the oscillator be considered to have a material 
mass m and if it oscillate about its equilibrium position under the in- 
fluence of some elastic restraining force, then since, in such a motion, the 
average energy is half-kinetic and half-potential, 


1 å mM- 
W=2. 2 mw. p= op =z 9 Po» 
2r me 
(254) t - =- P. 


Solving (253) and (254) for p? and equating, 
dW 2er 


r eie ie 
or ; 
W= Wo eg ^ ; 
where 
2er 
las 32cm ` 


This equation must clearly be used only over intervals of time which in- 
clude enough oscillations of the doublet to permit the use of the average 
value U. This diminution in the energy of an oscillator due to its radia- 
tion of energy is known as “radiation damping," and the constant k, as 
given above, is the damping factor. If this damping factor be very small, 
the oscillations of the negative charge are, over short periods of time, 
sensibly simple harmonic. Neglecting the radiation damping, the equa- 
tion of motion of the negative charge would be 


pthp=0, 
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or 


h? being the stiffness coefficient corresponding to the elastic restoring 
force. Including the back action of the charge’s own field on itself, the 
equation would be of the form 
m Pinth I*p"-R s 
where K is a dissipative force. By a comparison of the work done by 
this force and the energy radiated, it may be argued that 
8re dv Sre ... 
K="3@ qe^ ae Pi 

so that the complete equation of motion is a third-order differential equa- 
tion. For a further discussion of this matter, a consideration of the mag- 
nitude of radiation damping from the viewpoint of interference phe- 
nomena, and a treatment of a moving positive charge about which a nega- 
tive charge oscillates (a “moving light-source") see Abraham und 
Fóppl, Theorie der Elektrizität, II (1918), 97. The theory of the Hertzian 
oscillator has been extensively used in connection with wireless teleg- 
raphy. 

§ 62. An Arbitrarily Moving Point Charge.—The special examples of 
the effects of moving charge will be concluded with a brief consideration 
of the general case* (216), (217). The vector 


R- [1-1] 


is not, as in the case of uniform motion, the vector drawn to the observer 
from the position of the charge at time £, but is the vector drawn to the 
observer from the position the charge would occupy, at time £, if it 
moved in the interval from 7 to ¢, with a constant velocity equal to the 
instantaneous velocity at time 7. The vector E has a component which 
is parallel to the retarded acceleration of the charge; and a component 
along the direction of R. The vector B may be written, as in (253), 


B ss {[71,E]} 3 


* Since (216) and (217) were obtained from (212) and (213), the equations are 
all subject to the restrictions mentioned, in § 57, in connection with the evaluation of 
the Jacobian. 
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and is, accordingly, normal to {rı} and E. In the wave-zone, where 
the terms depending on the inverse second power of the distance may be 


neglected, 
Now 
4n m (t) - [n(1-2)). 
so that | 
E= | Sg iR RGM | 
(255) = dian py | 


Thus the E vector is in the plane of R and {ù}, as stated above in 
general, it further appearing from this last equation that in the wave- 
zone the E vector is normal to {r}, the vector drawn to the observer 
from the position of the charge at the retarded time 7. In the wave- 
zone, then, since B is always normal to (r) and E, the three vectors 
{r}, E, B form a mutually perpendicular right system, so that the flux 


of energy m 
=,D], 


= cE?(ri) P 
is directed away from the retarded position of the charge. 


PROBLEMS FOR CHAPTER IV 


1. Prove the relation 
f{(B, curl E) — (E, curl B))d: = f [E,B].de E 
by considering the integral 
f div [E,B] dr . 


2. Check the series expansions given (§ 60, equations [241] and [242]) 
for the longitudinal and transverse electromagnetic masses of the 
Lorentz and Abraham electrons. 
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3. What is the electromagnetic rest-mass, in grams, of an electron? 
Assume the “radius” of the electron to be 1.4X110-? em. 

4. What is the ratio of the longitudinal to the transverse electromag- 
netic mass of a Lorentz electron moving with one-quarter the velocity 
of light? With one-half the velocity of light? 

5. Referring to chapter ii, Part III, Problems 1, 2, and 3, show that 


p=V Ar pesu 5 
= d e.s.u. — ———— Evolts ber cm. 5 
V 4v 300V 4x 
P=V 4r Pesu.. 


6. The B vector due to a volume distribution of currents is 


B= f iv La. 
Ar T 


(see equation [126]), where i. is measured in rational electromag- 
netic units. Also, in c.g.s. electromagnetic units, 


Be.m.u. = f E m.u. V d dr . 


Show that 
i=V 4r iomu. » 
1 
Ba Boost , 
1 
ABO Aoma 


7. In rational electromagnetic units, the portion of the vector poten- 
tial A which is due to a volume magnetization is given by (see 


equation [117]) 
1 1 
a=} f [ms ta. ? 
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while in c.g.s. electromagnetic units 


1 
Aetna, = f |y 4 dr. 


M-YV4«M 


Show that 
e.m.u. ? 


and hence that the numerical measure of the magnetic permeability 
p is the same in rational and c.g.s. electromagnetic units. 

. The vector E+P=cE was called, by Maxwell, the “electric induc- 
tion" and was denoted by the letter D. Similarly, the vector 
B—M-B/y was given the symbol H, the name of the H vector 
being different for different writers. Show that the field equations 
at points in matter are, in terms of these vectors, 


eurl H=i+2 A 


curl E--iB 5 


div D=p, 
div B=0. 
. The field equations in the form given by equations (167)-(170) make 
use of more than one system of units. The quantities p and E are 
measured in rational electrostatic units; the quantities B and i are 


measured in rational electromagnetic units. Use the relations de- 
veloped in the problems above to show that 


È 
cal B5... aiem rh ee ; 


vt. 
curl End i 913 Bantu 


div E ssi EE AT. su. , 
div Be my.=0. 


Note that the change from the field equations in rational units to 
the field equations in c.g.s. electrostatic and electromagnetic units 
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involves, besides the mere change of units, changes in the definitions 
of potential and a resulting change in the relation between polariza- 
tion and intensity. That is, 


Lb 1 p dr ^» Dos u dr 

do = Age E " por ^w | f T ’ 
—1 

P- (= 1)E Ravan m beet Hte . 


Show that, at points in matter, 


curl B, sam ile my ett , 
in 

curl P gun Du FT. Ho , 

div eE, . ,,—47p , 

div Bau i 


Some authors (see, e.g., J. R. Carson, Philosophical Magazine, XLI 
[1921], 607) have found it convenient to use an exclusively electro- 
magnetie system of units. One may readily check that using c.g.s. 
electrostatic and electromagnetic units 


Cesu. — C Cemu. » 


lg 
G 


E 


Esu e.m.u. ? 


Pe.s.u.=CPe.m.u. . 


The second of these relations, indeed, follows from the first by 
virtue of the fact that the product of charge by potential must be 
independent of the units chosen for charge. Polarization, moreover, 
must transform in the same way as charge, since it is defined as the 
product of charge by distance. One must then write, for the relation 
between polarization and intensity, 
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In fact, this relation, when one defines 


— €e.3.u. 


Eemu. = c , 


reduces to the proper relation 


EN (€e.s.u.— 1) 


e SU E Ar 


Ip Ee.s.u. . 


'Thus the numerical measure of the dielectric constant (which is the 
same in rational electrostatic and c.g.s electrostatic units) is, in 
c.g.s. electromagnetic units, equal to 1/c times its numerical meas- 
ure in c.g.s. electrostatic units. Ww? 

Using these relations one readily finds 


curl B=4ri+cE , 
curl E=—B, 
div eE=4rp, 
div B=0, 


where all quantities are measured in c.g.s. electromagnetic units, or 


curl B=i+eE 5 


curl E- —B , 
div eE =p , 
div B=0, 


where all quantities are in rational electromagnetic units. The last 
four equations are entirely free from scale factors, and are there- 
fore (especially for theoretical work) in particularly convenient form. 
Show that 

yof) 


is a solution of 
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and hence obtain the retarded potential solution of the equation 


T 


a?--—h. 


V — 


See Jeans, Electricity and Magnetism (1911), § 645. 
13. Show by differentiation of the expressions 


Anar" di 
ong f s: dr , 


1 (Cond 
a= f T dr, 


div A++ à 0 


that the equation 


is satisfied. 
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In the previous chapters the authors have aimed to present in the 
actual text as straightforward as possible a presentation of classical elec- 
trodynamical theory, relegating to the chapter conclusions critical re- 
marks on controversial matters. In this last chapter it is scarcely possible 
to follow this plan. Many of the topics treated are controversial from 
the very start, and it has been necessary to include in the text a consider- 
able amount of critical matter that would otherwise be found in this con- 
clusion. The discussions already given, however, by no means cover the 
desirable ground, and this chapter will conclude with a rather disjointed 
collection of further observations. 

It is worth while, first of all, to reconsider briefly the way in which the 
Maxwell field equations have been obtained,* for such is the funda- 
mental róle they play that any insight into their significance cannot fail 
to be useful and important. The five equations have been obtained as 
generalizations of the laws of electrostatics and magnetostatics, which 
laws rest primarily on the experiments of Coulomb and Ampére. The 
generalization has three significant features. The first of these is con- 
cerned with the replacement of the old equation 


curl £=0 


by the more general relation 


curl E= n8 E 
c 


The second replaces the old equation 


curl B=i 
by the equation 


. 


curl perpe : 
e 

* The reader who is interested in various other ways of obtaining the field equa- 
tions should consult An Introduction to Electrodynamics, by L. Page (1922), and “New 
Deductions of the Electromagnetic Equations,’ by W. F. G. Swann, in Physical 
Review, XXVIII (1926), 531. 


323 


THE ELECTROMAGNETIC FIELD 


The third generalization is one of significance rather than form. It con- 
sists of the assumption that the expression 


P=E+* TET 


which gives the force per unit charge in magnetostaties, continues to be 
valid for the generalized field vectors. 

It has been seen that the first of these generalizations, which furnishes 
the Faraday induction law, is in a restricted sense but a rephrasing of the 
old Ampére law of action between currents. Having indieated the nature 
of the generalization by means of a special experiment involving moving 
circuits, it is assumed that the new expression holds in all cases. This 
mode of obtaining the Faraday equation is one that sharply focuses 
attention on that mysterious aether whose properties the E and B vec- 
tors are supposed to measure. It has, in fact, been pointed out that one 
who believes in the aether finds it comparatively easy to accept, as a 
universal truth, the equation 


curl E'— ae 
c 


once he has shown this equation true in a particular case. 

A decreasing number of physicists, however, finds the hypothesis 
of an aether tenable or desirable. It is beyond the purpose of this volume 
to consider the way in which the “aether drift” experiments and the 
theory of relativity have removed the last excuses for continuing to 
assume such a substance. It has not seemed possible or desirable to 
include in this volume any treatment of relativity, although the authors 
realize that many will regard this an inexcusable omission. There is cur- 
rent a somewhat vague impression that relativity rests, to a considerable 
extent, upon electrodynamics; while electrodynamics rests upon rela- 
tivity. (Neither dependence has, to be sure, been completely analyzed.) 
While no one would doubt the close interlocking of these two subjects, 
there is, nevertheless, some danger of assuming that each “proves” the 
other. The authors feel that a student must know a certain basic amount 
of electrodynamics before he can intelligently study relativity, and they 
have attempted. to set down that basic amount of electrodynamics with- 
out invoking any but the most elementary relativity principle. This, to 
be sure, leaves the development of the theory somewhat rougher (super- 
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ficially rougher) in spots than it would otherwise be. The term (u,v) /c? 
neglected, for example, in passing from the electrostatic relation 


div E=p 


to the general relation 
div (E+E£’)=p 


is of precisely the order with which relativity deals. 

The aether physicists seem at last to be willing,* in their final philo- 
sophical paragraphs, to give up the aether; but they continue to use it 
throughout the body of their texts, compelling its unsubstantial texture 
to bear the brunt of many an argument. This is by no means the only 
instance in electrical theory of the essential use of a concept finally dis- 
credited and discarded. The theory frequently has been developed 
around certain properties or concepts, only to have the culmination of 
the theory be the proof that the property is non-existent or that the 
concept is untenable. Examples of this aré frequent and familiar: “the 
state of the medium” (when there is no medium), “the force on a mag- 
netic pole" (when there is no such thing as a magietic pole), “the ficti- 
tious density —div P" (which is zero), “the force on a charge" (which 
always vanishes). The present authors have by no means avoided all 
such difficulties. They wish to point them out and thus draw attention 
to the rather obvious warning that it is deceivingly easy to make correct 
statements about free space or about non-existent properties. Even the 
great physicist Lorentz has said: “The formulae for the aether consti- 
tute the part of electromagnetic theory that is most firmly established. 
Though perhaps the way in which they are deduced will be changed in 
future years, it is hardly conceivable that the equations themselves will 
be altered. It is only when we come to consider phenomena in ponder- 
able bodies that we are led into uncertainties and doubts." The infer- 
ence is plain: 

Mother, may I go out to swim ? 
Yes, my darling daughter. 

Hang your clothes on a hickory limb, 
But don't go near the water. 


The activity equation and the so-called “spatial density" of energy 
have been discussed at considerable length in the text itself. The aether 


* See, e.g., J. H. Jeans, op. cit. (1925), p. 618. 
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theory was doubtless responsible for the idea of spatially distributed 
energy. The aether has unobtrusively slipped away; and those who, if 
there were an aether, would choose to think of the energy of a con- 
figuration of charges as being a strain energy in this medium must, it 
would seem, now abandon this view. The authors, however, have an 
attitude toward spatially distributed density which is quite independent. 
of the existence or non-existence of an aether. 

Some optimistic pragmatist may urge, to counter all these objec- 
tions to spatially distributed energy, that the idea has always “worked” 
and so deserves a place in our philosophy. The answer is that the idea 
has not always worked. In one of the most conspicuous fields of modern 
physical research, one comes, if he believes that energy can be located 
spatially, face to face with a baffling paradox. How large is a quantum? 
It is as “big,” as Eddington points out, as the mirror of the 100-inch tele- 
scope at Mount Wilson, and it is as “small” as the atom.* It reminds one 
(and quite properly so) of the frothy, infinitely rigid, perfectly tenuous, 
exceedingly dense, and quite impalpable aether. We should, by this time, 
have learned that all statements are true if they are made about nothing. 

The authors have already indicated their belief that the conclusion, 
“the total force on an elementary charge is zero,” is not so much a state- 
ment about the vanishing of a quantity as it is the admission of the col- 
lapse of a concept. There seem to be, fundamentally, but two sorts of 
“forces” in the universe—electrical “forces” and the "force" of gravita- 
tion. The general theory of relativity has cornpletely changed our de- 
scription of gravitational effects. A body A no longer tends to go in a 
straight line, and is corrupted away from that tendency by the gravita- 
tional force due to a second body B. Body A simply and always travels 
on a geodesic in a four-dimensional space-time manifold. If no other 
body B is present, the space aspect of that geodesic is a straight line. 
If another body B is present, its presence affects the metric properties 
of the space, and the space aspect of the geodesic is a curved line. Thus 


* Eddington's explanation (op. cit. [1928], chap. x) is that we must not think of 
space and time at all in connection with an individual quantum. The present authors 
have vainly speculated, for roughly ten years, concerning a possible law for the unit 
electrical "action-response" that takes place between two electrical elements, this 
action-response correlation to be arithmetic in nature, and quite free of any notion of 
either time or space. Macroscopic time, geometry, and mechanics should then emerge 
statistically. 

The quantum theory has evaded most of the difficulties involved in a spatial 
density of energy by substituting, in its place, a spatial density for the probability of 
energy. 
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the old gravitational force is geometrized away. A body is not acted on 
by a force. It goes where it will. Its mass imposes on the space-time 
manifold such a metric as leads us to locate its successive positions in ac- 
cordance with what we would hitherto have called a law for its motion 
under a force. A similar geometrization of electrical forces has been wide- 
ly attempted, but without complete success. The concept of a macro- 
scopic force has been of untold value to science; and macroscopic elec- 
trical forces will doubtless, with entire success, be geometrized under the 
relativity scheme. The authors believe that microscopic ‘‘forces’’ do not 
exist. If all macroscopic forces are geometrized away, we shall not feel so 
bad over the lack of microscopic forces. 

The collapse of microscopic dynamics which, the authors believe, was 
so clearly foreshadowed by the paradoxical character of the ‘‘dynamics”’ 
of the electron—this collapse is now definitely recognized. The “wave- 
mechanics” of the newer quantum theory constitutes the first attempt 
to construct a microscopic dynamical theory for individual actions. The 
early success of this wave-mechanics should be encouragement enough 
to convince us that the general tendency of this theory is a correct and 
worthy one. The limitations of the present wave-mechanics arise, doubt- 
less, from the fact that it is still too mechanical in nature. For this rea- 
son, the earlier matrix theory, and the more abstract formulation of wave- 
mechanics at the hands of Dirac, seem to be the more promising. 

There remains, finally, one relatively trivial matter which should be 
mentioned. Except for the linkage with more ordinary notations which 
occurs in the problems, use has been made of only two field vectors, E 
and B. When in free space, the use of one electric and one magnetic 
vector, rather than of the four vectors E, D, B, and H, isan obviously 
desirable simplification; and within matter, it is useful to have in explicit 
evidence the electrical properties e and & of the matter. The choice of 
B as the fundamental magnetic vector, rather than H, rests on the oc- 
currence of E and B in the equation for force on a charge. The subject 
of magnetostatics has been developed in as close analogy as possible with 
electrostatics; and the fundamental magnetic vector—the counterpart 
of E—must clearly be the vector which, in the basic law for magneto- 
static action, plays the same róle as does E in electrostatics. The choice 
of B rather than H is also clearly indicated by the fact that the di- 
vergence of E gives the total charge, while the curl of B (not of H) 
gives the total current. The confusion which results from the choice of 
H as the fundamental magnetic vector is, perhaps, most clearly illus- 
trated by the equations which arise when one considers the relation be- 
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tween the so-called microscopic and macroscopic field equations. 
Lorentz, for example, takes as microcopie equations, valid everywhere, 
19h 1 A 
curl e= cer curl iimes (pu+é) 
div e=p, divh=0, 


and finds that the average values, over physically small-volume ele- 
ments, of e and A are given by 


e—-E, .h-B, 


where E and B are the ordinary macroscopic field vectors: used in this 
volume. The last equation indicates that B is the fundamental macro- 
scopic vector, and that the fundamental microscopic vector should be 
designated by b rather than h. 
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MATHEMATICAL APPENDIX 
OUTLINE 


Definition of vector and scalar. Components of a vector. Mag- 
nitude and direction cosines. Angle between two vectors. Com- 
ponent of à vector in any direction. Addition. Representation 
by means of fundamental unit vectors. 


Multiplication of vectors. 
A. Scalar product: (AB) =A,B,+A,B,+A-Bz. 
B. Vector product: [AB]; 2 A,B;- A;B,; 


i J k 
[AB] A, A, Az 
B BJB 


Tr y zZ 


Differential operators. 

The operator V. Directional derivative of a scalar. 

(n, Vb) =db/dn. 

(V,A)=div A. Interpretation as strength of a source. 
[V,A]=curl A. Kinematic interpretation. 

. Directional derivative of a vector (n,V)B; (A,V)B. 
Line integrals. If fA,ds—0, then A=V®. 


Hoon P 


Relations between scalar and vector products, divergence, and 
curl. 

[A[B,C] ]=B(A,C)—C(A,B) , 

div bA=@ div A+(A,V®) , 

curl 6A=® curl A+[V®,A] , 

div curl A=0, 

curl Vb —0, 

div V — V? , 

curl curl A=V div A—V?A , 


- div [A,B] = (B, curl A) — (A, curl B) , 


curl [4,B] - A div B—B div A+(B,V)A—(A,V)B , 
V(A,B) — (A,V) B3- (B, V) A4-[A, curl B]--[B, curl A] . 
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347 § 5. Integral transformations. 
347 A. Integration by parts. 
348 B. Green’s theorem. 
349 C. Stokes’s theorem. 
351 D. D curl Bd: = f [n,B|dc ; 


fuds={[n,Vuldo , 
1 


1 E? 
f [v2] = v | ndo. 


352 § 6. Vector fields. 


352 A. Solution of the equation V?u— — p. 

355 B. If curl A=0, then A—Vó. If div A=0, then A=curl B. 

357 C. A vector field is uniquely determined by the specification of 
divergence and curl. 

359 D. Solution when div A=p, curl A=0. Discontinuities. 

363 E. Solution when curl A- i, div A=0. 

364 F. General solution; an arbitrary vector is the sum of a poten- 


tial and a solenoidal vector. 
365 $7. Curvilinear co-ordinates. 


$1. Definition of Vector: Components: Addition.—Of the measurable 
quantities with which one deals in physies many are completely char- 
acterized by a magnitude alone; that is to say, they are completely char- 
acterized by a single number (to which must be assigned appropriate 
dimensions). Temperature, volume density, mass, potential, etc., are 
such quantities. Such magnitudes are known as scalar magnitudes, or 
simply as scalars. There is an important class of quantities, however, 
which possess direction as well as magnitude, and which require, for their 
complete characterization, the specification of three quantities. These 
three quantities may be the three projections of this directed magnitude 
on the directions of the three axes of an orthogonal system of co-ordi- 
nates; or they may consist of two direction cosines and a third number 
measuring magnitude alone; or the direction and magnitude may be 
specified in any other way by means of three numbers. Such quantities, 
which require for their characterization both a magnitude and a direction, 
are known as vector magnitudes, or as vectors. Velocity, force, acceleration, 
for example, are vector quantities. 

To distinguish between vector and scalar quantities, vectors will be 
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denoted by letters in bold-face type. The absolute magnitude of a vector, 
that is to say, its scalar magnitude regardless of its direction, will be de- 
noted by |A| or by A, the corresponding letter in ordinary type. Thus 
the absolute magnitude of the vector A is |A| zA 

Since a vector quantity possesses both length and direction, it may be 
graphically represented by means of 
a directed line segment whose length 
is a measure of the absolute magni- 
tude of the vector, and whose direc- 

. tion is parallel to the direction of 

the vector quantity. 

Let the scalar projections of the 5¢ 
vector A upon the directions of the 


; Fyc. 1.—A vector A and its rectangu- 
three co-ordinate axes be Az, Ay, jar components. 


A,. Let the angles which A makes 
with the z-, y-, z-axes be denoted by (Az), (Ay), (Az), respectively. 
The length of the vector is then obviously given by 


(1) A=V A2+A2+4 +4}, 


while the direction cosines of A are 
(2) cos (Az) zi , cos (Ay)=*4", — cos (Az) -4 i 


and satisfy the relation 

(3) cos? (Ax) + cos? (Ay) + cos? (Az) = 

as is seen at once from (1). Also, from (1) and (2), 

(4) | A —A, cos (Az) - A, cos (Ay) - A, cos (Az) . 

For the component A; of a vector A along any direction s, one has 
(5) A,=A, cos (sr) 3- A, cos (sy) - A, cos (sz) , 


since the sum of the projections, on any direction, of the sides of an un- 
closed polygon is obviously equal to the projection, on this same direc- 
tion, of the closing side of the polygon. But since 

(6) A,=A cos (As) , 
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it follows from (2) that the cosine of the angle between two directions is 
(7) cos (As) =cos (Az) cos (sz) + cos (Ay) cos (sy)+cos (Az) cos (sz) . 


By the sum of two vectors A and B is meant the geometrical sum, 
i.e., the initial point of B is placed in coincidence with the end point of 
A; then the sum C is defined as the vector whose initial point is the 
initial point of A, and whose end point is the end point of B. 

Let i, j, k be vectors of unit length (usually called “unit vectors") 
in the direction of the three axes z, y, and z, respectively. Then by 

A,i is meant a vector whose direc- 

B tion is the direction of i, and whose 

magnitude is the product of the mag- 

nitude of i and the scalar A,. Thus 

C a scalar A multiplying a vector 

Fic. 2.—Vector addition stretches the length of the vector in 

the ratio h to unity, and does not 

affect the vector’s direction. A,i is thus a vector pointing in the posi- 

tive x-direction, and of magnitude A,. It then follows from the defini- 
tion of addition given above that 


(8) A=A,i+A,j+AR ) 


so that a vector may be represented by means of its scalar components 
along three orthogonal directions, and unit vectors along these same 
directions. 


§ 2. Multiplication of Vectors.— 

A. Two sorts of vector multiplication are in common use, scalar and 
vector. By the scalar product of two vectors A and B is meant a scalar 
quantity equal to the product of the magnitude of one vector and the 
scalar projection of the second upon the first. The scalar product of A 
and B will be denoted by (A,B). Thus 


(9) (A,B) - |A|]-|B|- cos (A,B) , 

or, from (2) and (7), 

(10) (A,B) =A,B,+A,B,+A.B.. 
From the definition it follows at once that 


(11) (A,B+C) - (4,B) +(A,©) , 
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and 

(12) (A,B) =(B,A) . 

By definition, also, 

A?z(A,A)— A? . 
B. By the vector product of two vectors A and B is meant a third 

veetor C which is normal to the plane of A and B, so directed that 

_A,B,C form a right-handed system*, and of absolute magnitude equal to 


the product of the magnitudes of A and B by thesine of the angle be- 
tween them, i.e., equal to the area of the parallelogram formed on A 


Fra. 3.—The distributive law for the vector product of the sum of two vectors 
and a third vector. 


^ 


and B. The vector product of A and B will be denoted by [A,B]. 
Thus if 


[A,B] =C , 
then 


(13) |C|=|A|-|B]- sin (A,B) . 


A distributive law for vector multiplication can be proved, similar 
to (11) for scalar multiplication. Thus let it be required to prove that 


(14) [A+B,C]=[A,C]+[B,C] . 
Project A,B, and A+B ona plane perpendicular to C. The three pro- 
jected vectors are of absolute magnitude A sin (A,C), B sin (B,C), and 


* A right-hand screw directed along C advances in the positive direction of C 
by a rotation from A toward B through the smaller angle. 
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(A+B) sin (A 4- B,C). Now enlarge in the ratio of C to unity, and rotate 
the three vectors thus obtained 90? in their own plane. The three pro- 
jected, enlarged, and rotated vectors then represent [A,C], [B,C], and 
[A4-B,C], and the foregoing identity becomes obvious. Then, since 


(15) (Ljj2k, [ki  [hi]-J, 
[i,t] — [Jl Ei [k,k] =0 ) 
it follows that 


(16) [4,B] - [iA .--jA , - kA, iB,+jB,+kB, , 
=1(A,B,—A,B,)+j(A.B,—A,B,)+k(A,B,—A,B,) . 


This result may be expressed in determinant form, viz., 


Mw. «^ 
(17) [A,B] = Az A, A; 
B. ^B 3. 


It should be noted that (4,B) 2 (B,A) while [A,B] = —[B,4A]. 


$3. Differential Operators.— 

A. Let u be a scalar-point function, i.e., let u be a function of the 
three variables x, y, z which assigns a scalar to every point z, y, 2 of 
space. Consider a line through the point x,y,z and let s be distance 
measured along this line. Then the values of u for the points of the line 
form a function of s. The derivative of this function, with respect to s, 
measures the rate of change of u along the line. The value of this 
derivative at the point x, y, z is thus the rate of change of the function 
u in the direction s at the point x, y, z. This directional derivative is 
given by 

du_dudz, ðu dy , ðu dz 


ds dx PREY TED ds ' 


ðu ðu ðu 
=z 008 Gen cos (sy)t 57 cos (sz) . 


From a comparison of this equation with equation (5), it appears 
that a vector with z-, y-, and z-components 


ou ou. Ou 
ox’ dy’ dz 
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would have a component in any direction s equal to the rate of change 
of u in that direction. Then since its maximum component is in its 
own direction, the vector itself would measure the rate of change of u in 
the direction of greatest increase, and it would point in this direction. 
Such a vector is called Vu (read “nabla u”). Thus. 


adus du ðu 
(18) Vu=i acad pale vw 


Since the component of Vu in any direction s is equal to the rate of 
change of u in that direction, 


(19) (Vu), - (vu) <3", 


N 


where s isa unit vector in the direction s. 
The differential operator 


. 019b. 0 ð 
ya aa 7 SS Oz 


operating on a scalar-point function thus produces a vector-point func- 
tion which gives the rate of change and direction of greatest rate of 
change of the scalar. It is a fundamentally important operator. 

When the function upon which V operates is a function of more than 
one set of variables, the set with respect to which the differentiation in- 
volved in V is to be taken can be indicated by means of a subscript. 
Thus, if r be the distance from a point O of co-ordinates zo, yo, zo to a 
point P of co-ordinates £p, Yp, Zp 


1? = (7, — 10)’ (ys Yo) t (25 — 20)? . 
'Then 


COT aa OT. or 
(20) Vor=1 a eae Evae 
while 


; (re nr or 
(21) Mal hoe ted Subst 


and obviously 
(22) Vof(r) = —Vpf(r) . 
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In the discussion just given, the directional derivative has been 
written as a total derivative of u with respect to s. Many books, how- 
ever, write 


A AA A i 


ðu de 
ðs Ox ds Oy ds 


dz ds 


for the directional derivative. There are arguments for and against both 

notations. For example, when the direction of s coincides with that of 

z, the total derivative notation produces the rather unfortunate formula 
du du 


dz dx" 
On the other hand, the partial derivative notation describes the total 


change in the function u resulting from a displacement ds by the 
equally unfortunate equation 


In this book both notations will be used. In certain calculations, such 
as that given in $ 2 of chapter i the total derivative notation is clearly 
preferable. On the other hand, when one writes the rate of change of a 
function u along a direction n normal to a given surface, it seems prefer- 
able to write this as du/dn. In fact, when one speaks of the normal to a 
surface, it is very natural to think also of the tangent plane and an 
orthogonal trihedral of axes located at the point in question, one directed 
along the normal and the other two lying in the tangent plane. Having 
all these axes in mind, one writes du/dn rather than du/dn for the same 
reasons one writes ðu/ðx rather than du/dz. 

B. The differential operator v can be considered formally as a vec- 
tor of components RA A 5, so that its scalar and vector products 


with another vector may be taken. For example, 


9A, , OA, 
oy t ej. 


OA, 
Ox + 


(23) (V,A) = 


This latter quantity is denoted by div A (read “divergence A”). Thus 


9A, dA, | ðA, 
Ort, OY — «dst 
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A physical illustration will indicate the significance of this quantity. 
Suppose that V is the vector velocity at any point of an incompressible 
fluid. Consider a parallelopiped with center at the origin, and of small 
sides 26x 28y, 25z parallel to the co-ordinate axes. Denote by (Vz)o the 
value of the z-component of velocity at the origin. Then at a neighbor- 
ing point 2, y, 2, 


OV, (OV, OV. 
Vi=(Va)o+ (35). Ed (555). “Ua (55). "AS 
4 IVa) bonia a Koi, da f Yin 
(25) Vy= ma op ), ze( ay ), y+( "Y ), 2,5 
OV, OV. OV, 
i) at (po: y+( O2 )- Ko 
N 


the Maclaurin series expansions being broken off with the linear terms 
since they are to be used for values of z, y, and z less than or equal to 


( 


vee (Vo+( 


Hig. 4 


the small values ôr, ôy, 0z. Then the flow of liquid out of the parallelo- 
piped through the right-hand face is 
CINE 


+62 (+éy +ôz fi 
Ki 16s V ,ydz= Hi lene 


het 
2 lel 


Similarly, the flow of liquid out through the left-hand face is 


OV, 
—4óy ies os ji . z| , 


337 


=) . : dy dz, 


HG. 


—4óy 2 (Vz)o+ (Z 


THE ELECTROMAGNETIC FIELD 


so that the total loss of liquid per second through these two faces is 


HOV s 
(26) 8óx ôy 2 e ), - 


Thus the total flow of liquid per second out of the parallelopiped is 


CONES by zi ( Ka) + (3) + (32) | Ao Gina ge. 


dr being the volume of the parallelopiped. 
The flow of liquid out of the parallelopiped per second per unit vol- 
ume is thus 


div V, 


the value being taken at the point under consideration—in this example, 
the origin. If there are no sources or sinks in the region under considera- 
tion, i.e., if there are no points at which liquid is being introduced or re- 
moved, then obviously the total outward flow through any closed surface 
must be zero, and accordingly the divergence would be zero. If the di- 
vergence is not zero, it gives the rate at which liquid is being introduced 
(or removed) and is a measure of what is called the "strength" of the 
point source (or sink) at the point. It is seen from this example that 
one could set 
(28) div V=lim [Usar ; 
dr 0 dr 

do being an element of surface of the volume element dr, and V, the 
component of V directed along the exterior-pointing normal to the 
surface of dr. 

C. One may also take the vector product of V and a vector A. 
Thus 


i 3 b 

ð 0 ô 
(29) [V,A]= 2r: pte 

y Wes ee 


This quantity is known as curl A. "That is, 
(30) [V,A]=curl A. 
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The components of curl A are 


ee oA, 

(curl A),= 24 

(31) (curl 4), 2 curl, A "T 984 À 
Ox 
dA, OA, 

(curl A),=curl, A= ies OA 


An illustration will again help to make clear the meaning of this 
quantity. Suppose that one has an incompressible liquid of uniform 
density p. Consider a small sphere of the liquid and, at a given instant, 
choose the origin of co-ordinates at the center of this sphere. What will 
be the location and the shape, after a small interval of time, of the por- 
tion of liquid originally contained within this sphere? In the first place, 
the sphere may have been translated as a whole; in the second place, it 
may have undergone a strain which leaves it no longer a sphere; and, in 
the third place, it may have been rotated into a new orientation. The 
curl of the vector velocity furnishes a measure of this last type of motion, 
as will now be shown. 

The components of velocity at the origin being (V.)o, (Vy)o, (V 3)o, 
the components of velocity at points near the origin are given by (25) 
above. Then the velocity of a point z, y,z near the origin, relative to the 
velocity of the center of the sphere, has components 


G2) Qr) rei 
(2) ee (9) re) 
(ae) = gy) re Gag) 
so that the moment of momentum of the sphere about the z-axis is 
SSS MODS Gr) G2] 
Gg) mt). n Ge) 
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Noticing that, from symmetry, 


f f feu dx dy dz=0 
and 


ff f dz dy dz= f f fy? dx dy dz, 


the moment of momentum becomes 


dcm est JI team. 


The moment of inertia of the sphere about the same axis is 


p f f f Q?4-2)dz dy dz —2p f f fy? dx dy dz. 


If the moment of momentum be divided by the moment of inertia, a sort 
of effective average value is obtained for the angular velocity about the 
x-axis which, as the radius of the sphere is allowed to approach zero, be- 
comes the angular velocity about the z-axis at the point in question (in 
this case, the origin). That is to say, the angular velocity at this point 
has the z-component 


1 (at 20 


2 ðy oz. 


Hence, if W denotes the vector angular velocity at any point in the 
liquid, / 
(32) W-iculV. 

A simpler, but less general, interpretation of the cur] of a vector may 
be obtained from considering the vector velocity of any point P of a rigid 
body which is in motion. If Vo be the velocity of some point O of the 


body, w the angular velocity of the body relative to O, and r the 
vector from O to P, then the velocity Vp of P is 


Vp= Vo-- [w,r] 5 


Then from (44) below (and the fact that Vo and w are constant vec- 
tors) it follows that 


curl Vp=w div r— (w, V)r , 
=3w-w, 
=2w ; 


340 


MATHEMATICAL APPENDIX 


D. Equation (20) gives the rate of change of a scalar u in a direction 
s as 


du 
(Vu), x (s, Vu) is ds ) 


provided s be a unit vector in the direction s. In general, one might 
say that 

(A,Vu) , 
often written 

(A,V)u , 


gives the rate of change of the scalar u in the direction of the vector A 
multiplied by the absolute magnitude of A. This leads one to consider 
assigning a suitable meaning to the symbol 


GAS V9 Bit 35 


A vector field is a region of space at every point of which a vector 
is given, say by expressing its components as functions of x, y, and z. 
Suppose that at a point z, y, z in such a vector field the vector has the 
value 
B=1B,+jBy+kB; , 


and at a neighboring point z+dz, y+dy, z+dz the value 
B’=iB,+jBy+kB: . 


Then the change which the vector B experiences in going from the 
first to the second point is 


B’—B=i(B,—B.) +J(B, — By) -k(B; — B.) , 


and is obviously a vector whose components are the changes which the 
components of B experience. But the components are scalar quantities, 
and the rate of change which they experience in going from one point to 
another may be expressed as 


(a,V)B.,  (a,V)B,, and (a,V)B., 


where a is a unit vector pointing in the direction from 2, y, 2 to z--dz, 
y+dy, z+dz. Thus the rate of change which the vector B experiences 
in departing from the first point in the direction of the second point is 


i(a, V) B;3-j(a, V) By3- k(a, V) B, . 
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This last expression is adopted as the meaning of the symbol 
(a,V)B . 
Thus the vector 
(a, V)B-C 
of components 


OB, OB, 9B, 

Co, Ox Pes oy ra az’ 

~\ ab, Gdn, 1 Pap, 

(33) Cy=a, ðr Ta, oy +a, Oz , 
OB: 9B, OB, 
dai, YU. y ta, dz 


measures the rate of change of the vector B in the direction of the unit 
vector a. Then obviously 


(AV)B 


measures the rate of change of B in the direction of A, multiplied by the 
absolute magnitude of A. This notation furnishes a short way of ex- 
pressing the directional derivative of a vector. 

E. This section will conclude with a theorem which involves the con- 
cept of the line integral of the tangential component of a vector. Before 
this theorem is stated and proved line integrals will be briefly discussed. 

In mathematical physics one deals constantly with integrals of the 
type ffdr, f f de, and f f ds, where f is a scalar-point function and 
where dr is an element of volume, do an element of surface, and ds an 
element of line. In the first of these integrals, which is extended over a 
volume contained within a closed surface, it is not necessary to postulate 
any ordering of the elements of the integral, and: dr is intrinsically posi- 
tive, being simply the numerical measure of the size of the volume of the 
element. Similarly, we may consider that the second of the foregoing 
integrals means the limit of the sum of produets of essentially positive 
elements of area do by the value of f at some point of de. These three 
fundamental types of integrals are viewed similarly, therefore, only when 
we think of ds in the third as intrinsically positive—as a mere measure 
of the length of a line element. 

Consider, for example, the line integral of the tangential component 
of a force. The expression “tangential component" is obviously ambigu- 
ous until it be stipulated which direction along the curve is to be taken 
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as the positive direction. Suppose the integration be carried out along a 
curve whose end points are A and B. If it be specified that the direc- 
tion along the curve from A to B is to be considered the direction of the 
positive tangent, then the tangential component F, is thereby defined 
at every point of the curve. If it be desirable to indicate, by means of the 
notation, that the direction from A to B is considered positive in 
reckoning the sign of F, this may be done by using the letters A and B 
as upper and lower limits of the definite integral. Then 


B ‘A 
jJ, Feas=— f F,ds, 
A B 


but the reason for the change in sign is not that ds has changed sign, nor 
is it because the “limits of integration" have been interchanged. The 
reason is, of course, that F, in the second integral is equal but opposite 
to F, in the first. In neither integral are the letters A and B to be in- 
terpreted as limits in the ordinary sense. Each integral requires the sum- 
ming of the product of every positive ds by the associated value of F.. 
The letters A and B lay down the convention according to which F, is 
to be calculated. The letters A and B also, of course, indicate that all 
elements ds lying between A and B are to be included in the integra- 
tion process. 

To illustrate this viewpoint further, and show that the distinction 
being insisted on is not an artificial one, consider Gauss's theorem for a 
closed curve in a plane. Namely, 


4$ E.ds-e, 


where e is the sum of all the charge on the plane within the closed curve, 
and where E, is the component, along the external normal to the curve, 
of the electrostatic intensity. Having specified that n is the exterior 
normal to the curve, E, is defined at every point. Then this integral 
has, and should have, the same value e regardless of the direction of 
transcription of the closed curve. If n be specified as the exterior nor- 
mal, but ds given sign, this integral has the value e only when the inte- 
gration is carried out in a certain manner, and has the value —e if this 
order be reversed. 

The expression 


fF. dx+F, dy 
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is to be viewed as an abbreviation for the line integral, 


i dx dy 
f (r. ds Pv w) ds ^ 


The signs of dz/ds and dy/ds are indeterminate until a sense of tran- 
scription has been specified. The element ds, however, is to be con- 
sidered as essentially positive, here as always. 

This section will now conclude with a proof of the following theorem: 
If the line integral of the tangential component A, of a vector around 
any closed circuit be zero, then the vector A is expressible as the nabla 
of a scalar-point function, and vice versa. 

First, suppose that 


(34) GA, ds=0. 


P 
smat f A; ds ; 
0 


$, being the value assigned to ® at the point O, the function © is, by 
virtue of (34), a uniquely defined function of position. The amount, 
dé, by which this function changes in going from a given point a dis- 
tance ds to a neighboring point is 


Then, if 


dé — A, ds , 
and, accordingly, 
A,= ve ; A- V6. 
ds 
Conversely, suppose 

A=V® 

Then 
d® 
A, — ds , 


and obviously the integral 


f^ ds= dt is 
ds 


will be zero around any closed path. 
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$4. Relations between Scalar and Vector Products, Divergence, and 


Curl.—In this section are listed certain important vector relationships, 
together with a brief indication of their proofs. 


(35) 


(A[B,C]) = (B[C,A]) =(C[A,B)) . 


[B,C] is numerically equal to the area of the parallelogram formed on the 
vectors B and C, and is normal to the plane of B and C. Hence 
(A[B,C]) is numerically equal to the volume of the parallelopiped formed 
on the three vectors A, B, and C. The other two scalar products may 
be likewise interpreted as being equal numerically to this same volume. 


(36) 


The z-component of [4[B,C] ] is by definition 


A,(B.C,—B,C:) m A;(B,C,— B-C) 9 


which may be written 


B(A,C,+A,C,+A4:C,) ve CAAB+A yBy+ A.B.) ’ 


which is the z-component of 


(37) 


(38) 


(39) 


B(A,C)—C(A,B) . 
div 6A=@ div Ata, i a 


div 6A—9 div qu: S As dare _ 
—d div tires ; 
curl $4— 9 curl A+[V4,A] , 
seta) Gane aioe 240s Fy OP 
curl, ged Bass Z (bA,) =® e ag )+4. ay —A, a 
=® curl, A+[V®, A]. . 
div curl A=0 , 
. TT AE 24) p y 
WES A- 2 dy | 02 )*s ðz Ox e ðr ðy/’ 


GA, Oa, 07A, 0.4," O Age Oe 
~ Oa dy Oyór dx dz dz dx' dy dz dz dy’ 
=0. 
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(40) curl V@=0 , 


ð [0c ð (0d 
vec E cen ue 
curl, V^ a =| sí ki 0; 


Od 9o SAR 
aa? oy ato , 


à /d®\ , 0 [05V , 0 aE 
diy E , 
Ob Ou OD 


EET aptos ps 


(42) curl curl A=V div A—V?A , 


url curl Ac p (Go) - Ses 24: 
VV  Oy\ dx .0y/] O2 N02 ðr 


_@A,, GA, PA, 8A, PA, OA, 


ðr? Ox0y dxdz ðr dy? dz?’ 


ð 9A, 
- Ge ox + Sa aJ Ried 


=V div A—V?A, . 


(41) div V= 


It is to be noted that this is a vector formula, V?A denoting in Car- 
tesian co-ordinates the vector of components V?A,, V?A,, V?A,, respec- 
tively. For V?A in other co-ordinate systems see $ 7 of this Appendix. 


(43) div [4,B] - (B, curl A) — (A, curl B) , 
div [4,B] - 2- (A,B, —A.B,) +2 jr Ba —A.B)+2 7 (AsBy— —A,B,) . 

4 (OBR OBN AB B, ðB, ðB, 
T A( ) A dz ~=)- a(S- a 


Oy Oz 
dA, 9A, 0A, OA, 9A, OA, 
TB. (= dz oe) +B Se Ox )+B (25 oy ) 


— (B, curl A)—(A, curl B) . 
(44) curl [4,B] - A div B—B div A+(B,V)A—(A,V)B, 


cuil, [A,B] 7$ (A.B,— A,B.) -2 ABRA BN 
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__, (9B. dBy, 0B 1, [045 0A, OA, 
ti 1 à depu B.( dz ug cusa 


TB Burge 
9B, OB; 9B, 
pus Ox Ay ay A, ðz ` 


= Á, div B— B, div A+(B,V)A.—(A,V)B, . 
(45) V(A,B)=(4,V)B+(B,V)A+[4, curl B]+[B, curl A] 
Č (4:B+4,B,+4:B.) =A, a 2 EA, = 


94, | p, 94. 


” Ox TB. ox ’? 
OB, OB, OA, 
E: Ox Pay oy "eem " oy 
0A, OB, _ 9B, OB, OB. 
ce (n ax R az) 


dA, 9A, dA, OA, 
+B, ado) -E( az — a) 
§ 5. Integral Transformations.— 
A. Consider the expression 


ow 
fX. 


where this surface integral is to be extended over the plane area in- 
closed by the curve shown 

in Figure 5. This integral * B 

may be written as 


f (un (RUE e 


e f "(V.— Widy, 3€ 


where W; and Wz are the Fia. 5 
values of W at the points 
marked 1 and 2 on the figure. Then according to the convention here 
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adopted that ds is intrinsically positive, 


dy =ds -cos (nx) at the point marked 2, 
dy — —ds cos (nx) at the point marked iN, 


so that this integral may be written: 


B B 
f. Ws cos (nx)ds+ f. W; cos (nx)ds . 
A A 


Thus 


(46) fx do — f W cos (nz)ds , 


taken over the whole curve. 
In just the same way it may be seen that 


(47) sz i= fw cos (nz)de , 


where the integral on the left is extended throughout the volume con- 
tained within a closed surface. The integral on the right is extended over 
this closed surface. It follows at once from this last equation that 


aA, , 0A, , 04, 
j = =e oy $ z ye- fia cos (nz)--A, cos (ny)+A, cos (nz)]de , 


or 
(48) fdiv A dr— fA, do. 


B. Green's Theorem.—1f, in (48), one substitutes for A the vector 
u, Vv it follows, from (37) and (20), that 


"v du ðv , du Ov , du ðv 
2 E <a : WEE e 
(49) IE v dr f^ $a do {|e ba ay ay! dz | 


or, if 


u=, 


o ornare feo SEESE 
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Both formula (49) and formula (50) are referred to as ‘‘Green’s 
theorem." A further formula, also called ‘‘Green’s theorem," but usually 
called the “symmetrical form of Green's theorem" to distinguish between 
it and the two forms just given, is obtained by interchanging w and v in 
(49) and subtracting the resulting equations. Thus: 


NR ER 9v — Ed 
(51) ftw v—vV io fu dn ine do . 


C. Stokes’s Theorem.—In A of this section it has been seen that a 
three-dimensional integral whose integrand is formed of partial deriva- 
tives can be reduced to a two- 
dimensional integral. A partial in- 
tegration, of this same sort, will 
reduce a two-dimensional (i.e., a 
surface) integral whose integrand 
involves derivatives, to a one-dimen- 
sional (i.e., a line) integral. Consider 
an open surface, whose equation is 
z=f(z,y), bounded by the closed 2 
contour S (see Fig. 6). Let S’ be the 
projection of S on the z—y-plane, and let P(x,y,z) be a given function 
whose values at points on the surface in question are 


P[z,y,f (z,y)] = Pi(z,y) . 


Consider the line integral 


dx 
Pos ds, 


where, in determining the sign of dx/ds, the curve S is to be traversed 
in the direction judged counterclockwise by a man who stands on the 
surface with his head in the direction of that normal to the surface which 
we will call n. This integral is equal to 


dx 
f^ d; 45 , 
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since, on the surface P=P,, and since the projection on the z-axis of an 
element ds of S is equal to the projection on the z-axis of the projec- 
tion of ds on the x-y-plane. Now by (46) 


£3 oP: dy de= f P: cos (ny)ds D 


and, ds being essentially positive, dx = cos (ny)ds, so that 


(52) {Pied fag za | SBi dy ae. dr 
S ds Ss’ 


Now 


ðP, OP , ðP dz 


oy aed oy’ 


while, if the point x, y, z and the point x+dz, y+dy, z+dz are both on 
the surface z=f(z,y), 


eos (nz)dz--cos (ny)dy+ cos (nz)dz=0 , 
so that 
dz eos (ny) 
dy cos (nz) ` 
Further, if do be an element of the surface z —f(z,y), 
dx dy=cos (nz)de, dx dz=cos (ny)de , dy dz=cos (nz)de . 


Substituting these relations into (52), 


dx oP oP 
f? I a= | | cos (ny) — 37 cos (ne) as : 


Analogous relations ean be written down at once for the line integrals 


dy dz 
ik Q a. ds, f, R.—- F ds , 
so that, adding, 


fr +0 eR Pla f [ (32-22) cos (nz) 
«(2 =) cos (ny)+ (28-57) cos «a do , 
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or, in vector notation, 
(53) fA.ds= feurl,A de , 


where A is any vector. This relationship is known as '"'Stokes's theo- 
rem." 

D. This section contains the statement and proof of three special 
integral transformations 


(54) feurl A dz {[n,Alde . 


Consider the z-component of the left member: 


= f[n, A]; de . 


(55) fuds={[n,Vuldc , 


where u is any scalar function, where the integral on the right is ex- 
tended over the open surface which spans the closed curve over which the 
integral on the left is extended, and where the directions of n and ds 
are as in Stokes's theorem. 

Consider the z-component of the left member: 


where C=tu. 
Thus, by Stokes’s theorem, 


fe f en. Cao f [os (ny) ot — cos (nz) AG ; 


which is the z-component of the right member. 
1 
HR 
on 


1 ð 
en) [aswel] =v | 2 ae 
where the surface and line integrals and the direction of n and ds’ are 
related as in Stokes’s theorem, where the integration variables are 
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primed, and where, the differentiation involved in V is with respect 


to the unprimed variables. 
Consider the x-component of the left member 


dons) a 
Daa 1o 6H PIIBE iG deli 


ds’ dz’ ds 35 


where 
reba o 


Hence by Stokes's theorem, the component in question is equal to 
p: ii m 
T T 
cos (nz) By? aa” 


9? : o? > 
+cos (ny)\ — ter) WE +cos (nz)\ — —— EAE do’ , 


or, making use of the relation V?(1/r) 20 , 


— curl, C do’ - — 


5 9 ` ð F ð E 
= cos (nz) — oz y'a; 60s (ny) $, ! aR —L --eo os (nz) —— Š, me do’ , 


X ves at 
Pl ut THER AP SER p WEA a dod 
an oz  — ] aa’ an sl an a" 


§ 6. Vector Fields.— 

A. A vector field is a region of space at every point of which a vector 
is defined. The vector might be, for example, the velocity at any point in 
a field, or the vector of electric force at any point in the neighborhood of 
charge. Mathematical physics is much concerned with the determination 
of vector fields of various sorts under given boundary conditions, and it 
is the purpose of this section to give some of the fundamental theorems 
concerning vector fields. 
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If, at every point of its field, a vector has zero divergence, it is known 
as a “solenoidal vector"; while any vector which can be represented as 
the nabla of some scalar-point function is known as a "potential vector." 
Thus a solenoidal vector has everywhere zero divergence, while a po- 
tential vector has everywhere zero curl. It will be shown that any vector 
which is solenoidal, and hence of zero divergence, can be represented as 
the curl of some other vector; and that any vector which has zero curl is 
necessarily a potential vector. It will further be shown that an arbitrary 
vector can be represented as the sum of a solenoidal vector and a po- 
tential vector, and the solutions for these two types will be obtained. 

THEOREM 1. A solution, continuous together with its first derivatives 
and vanishing at infinity as 1/r, of the equation 

V?u=— p À 


N 


Ihr ( phys 
u= f? dr D 


Throughout the remainder.of this Appendix, in accordance with the 
practice used in the text, the variables of integration are, in general, the 
co-ordinates 2x’, y’, 2’ of a point P. The distance r is measured from a 
point O, of co-ordinates x, y, z to P, so that r is a function of both 
the primed and the unprimed variables. Other quantities which occur 
under integral signs, such as p” in the last equation, are supposed ex- 
pressed as functions of x’, y’, z'. The values of the integrals are, of 
course, functions of z, y, z only. 

Proof: Consider a region contained within a sphere Z of radius R. 
Let an arbitrary point O of the volume V contained within > be 
chosen as origin, and in Green's formula 


Ou Qv = "^1 NR 12 / 
f ant z) do = fes u—uV”v)dr , 


write v=1/r, r being the distance from the point O to any point P of 
co-ordinates z', y’, z'. Then since the foregoing formula is valid only for 
use in a region throughout which u and v, together with their first 
derivatives, are finite and continuous, the origin O must be excluded 
from the region V by deleting from it a small sphere of radius 6 and 
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center at O. Call the surface of this small sphere c, and the region 
contained between o and Z, V,. Then 


( ðu $ 3 ( Ou 2 r) 
— — aa — ye = —— - = U 
(57) r on ji on de Raise on "i on da 


= | (Evu uve Dar. 
r r 
Vx 


Consider the first of these integrals, 


LOU aa ðu 
[3 an © =r {3 dw, 


where dw is an element of solid angle. Then, since du/dn is finite, 


lim JE: dw = 
r20, on 
Also, since on ø 
1 1 
Shrodt SF dei 
ðn ðr nr?! 


im- fudw= —4TW , 
r=0 


Uo being the value of u at O. 

The second integral of (57) involves derivatives, along the direction of 
the external normal to V, of u and of 1/r. As R approaches infinity, 
these derivatives become more and more nearly equal to the deriva- 
tives of u and 1/r with respect to r. Thus the quantity within 
the parenthesis vanishes at infinity as 1/r*, since u vanishes by 
hypothesis as 1/r, so that ðu/ðr vanishes as 1/r?. The element of sur- 
face, however, increases as r?. Hence the integral approaches zero as I 
approaches infinity. 
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Since y’(1/r)=0 throughout V,, the third integral of (58) reduces 
to 


Hence 


The origin having been arbitrarily chosen, this is the value of u at any 
point. 
B. In § 4 were established the following equations: 


div curl ASO, 
curl V6 —0. 


The following more general theorems will now be proved: 
THEOREM 2. The necessary and sufficient condition that the curl of a 
vector vanish identically is that the vector be the nabla of some function. 
THEOREM 3. The necessary and sufficient condition that the divergence 
of a vector vanish identically is that the vector be the curl of some other vector. 
These theorems will now be proved in order. First assume 
A=V®, 


then 
curl A=curl V@=0. 


Next assume 
curl A=0. 


By Stokes’s theorem and the last equation, 
fA, ds= curl, Ado=0. 


Then, by theorem of § 3, E, 
A=V®. 


The first of the foregoing theorems is thus established. To prove the 
second theorem, assume first that 


A=curl B. 
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Then, by (39), 
div A=div curl B=0. 
Next assume 
(58) div A=0. 
It is desired to determine, if possible, a vector B such that 


A=curl B. 


It will, in fact, be shown that it is possible to obtain a third vector C 
whose curl is the desired vector B. That is, a vector C will be deter- 
mined from the relations 


B=eurl..C ; 
A=curl curl C, 
=V div C-V?C. 
Thus 
(59) VCE —-J A. , 
(60) Vemm Aji, 
(61) VC, —A,;, 
provided 
(62) div C=0. 


These four differential equations for the determination of C,, C,, C. 
would be independent and hence, in general, would not possess a solution 
were it not for the condition expressed in (58). Indeed, by virtue of this 
equation the four differential equations above are dependent. The first 
three of them give, using (58), 


V? div C=0, 


which is satisfied by (62). 

By the first theorem of this section, C, and C, may be determined 
from (59) and (60). Then (62) gives C; except for an arbitrary function 
of x and y. 


(63) C,=Ci+X(ax,y) , 
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where C; is determined from C,, C,, and (62). But from (61) 
aV°C,_9V°C;___ 9A, 


Oz Oz T ORE 


so that 
(64) V3Cl- — A. O(2,y) . 
Thus (61) will be satisfied by (63) provided X is a solution of 
V?X = — (x,y). 


'The equations (59), (60), (61), and (62) may thus be replaced by 


vore Lt A 
VIC, —Ay , 
VX=—®. 


These equations, which by the first theorem of this section are known to 
possess solutions, together with (63) and (64), serve to determine C and 
hence B. The proof of the second of the two theorems is thus complete. 

C. The importance of the concepts of divergence and curl is made 
clearer by: 

THEOREM 4. A vector is uniquely determined if the divergence and curl 
be specified, and if the normal component of the vector be known over a closed 
surface, or if the vector vanish as 1/r? at infinity. In the former case the 
vector is determined within the closed surface. 

Proof: First suppose the normal component to be known over some 
closed surface. Suppose there are two vectors A and A’, each’ having 
the same divergence and curl throughout the interior of the closed sur- 
face, and with A,=A; on the surface. Thenif B=A—A’, 


div B=0, 
(65) curl B=0, 
(66) B,=0. 


Now from (65) and Theorem 2, 
(67) B=Vu, 


so that 
V^u-0. 
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Also, from (66) and (67), 


If these values be now inserted in 


(68) fI ($s) + (sy aj uvu a= fu a do’, 
one has 
Ou. A? f/x \2 suu D op. 
SE) +a) ta) 4-9: 


or, since the integrand is essentially positive, 


du_ Ou Ou 4. nel is E 
ay oy y "b V^u-0; B=0. 

Second, suppose that A and A’ vanish at infinity as 1/r?. If the 
vector is to be determined throughout all space, the surface integral of 
(68) is to be extended over the surface of a sphere of indefinitely large 
radius. This integral may be written 


ðu 
IE € r? do, 


where do is an element of solid angle. Then since B vanishes at infinity 
as 1/r?, u will vanish as 1/r, du/dr will vanish as 1/r?, and ù T 
as l/r*, so that the value of the integral approaches zero as the radius 
of the sphere becomes indefinitely great. This integral again being zero, 
the proof goes exactly as above. 

It has just been proved that a vector field is uniquely determined by 
the specification of divergence and curl. Two special cases of this will 
now be carried out to completion, i.e., the vector field will be actually ob- 
tained in terms of the specified divergence and curl. In the first example 
the divergence will be an arbitrary function of z, y, and z, while the 
curl will be identically zero. The first example will thus furnish an ex- 
plicit representation of a general potential vector. In the second example 
the curl wil be an arbitrary function of z, y, and z, while the di- 
vergence will be identically zero. Thus the second example will furnish 
explicit representation of a general solenoidal vector. The actual gener- 
ality of these apparently special cases follows from the fact, proved at 
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the end of this section, that any vector is the sum of a potential vector 
and a solenoidal vector. 
D. First example: It is desired to determine a vector A from the 


data, 
div A=p, curl A=0, 


p being a given function of x, y, and z. It is further assumed that the 
vector to be determined vanishes at infinity as 1/r?. Then since the curl 
of A vanishes 
A=-Vu, 
so that 
div A= +p=—-Vu. 


Since A vanishes at infinity as 1/r?, u vanishes as 1/r, and by Theo- 
rem 1 x 


fideo alpi" 
dz , dT : 
so that 
— —' 
(69) A= và f^ s 


This solution tacitly assumes that u and its first derivatives are 
everywhere continuous, since use is made of Theorem 1 where this is 
necessary. That is, the solution just 
given assumes the continuity of A. 
In important cases, however, there 
are discontinuities. Discontinuities 
of a certain ty pe will be assumed in u, 
andit will be made clear later to what 
important types of distribution of 
sources each corresponds. Let it then 
be assumed that there is a surface fi», 
closed or unclosed, and illustrative of 
whatever other surfaces of the same 
sort there may be, on which 


Fic. 7 


(70) omi ón T 


The subscripts 1 and 2 denote the two sides of the surface, arbitrarily 
chosen; n, is the normal pointing from the surface toward the side 1; 
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n; à normal pointing from the surface toward the side 2; and n a unit 
vector pointing along ns. Thus the component of A normal to the 
surface experiences a sudden jump in value upon crossing the surface. 

Suppose also that there is a surface Fz, illustrative of a second sort, 
across which 


(71) U—W=P ; 


u; and w indicating the values of u on the two sides of the surface. 
Thus u itself experiences a sudden jump p upon crossing such a surface 
as Fi». Then obviously the surfaces fiz and Fi. must be excluded from 
the region throughout which the volume integrals of Green’s formula are 
extended. This can be done by surrounding fi and Fi by closed sur- 
faces f and F which lie everywhere very close to fi» and Fy», respec- 
tively. Then the interior of these closed surfaces f and F will be ex- 
cluded, and they themselves must be included in the total boundary 
over which the surface integrals are extended. It is to be noted that nı 
and nz are opposite to the exterior normals of f and F. Then, as in 
Theorem 1, writing v=1/r in Green’s formula, 


PES 
(72) (as vx] da! Eak )do' soir do! 
ole dofiee Í (2 v%u—wv4) dic 


the integrand in the four surface integrals on the left being the same. 
The volume integral is to be extended over the interior of 2 with the 
exception of the interiors of c, f, and F. Then, as in Theorem 1, 


Au 


lim | ( )de'2 —4cuo , 
r=0 Jo 


lim | (. )do’=0 


R=0 * 


2 
tim { (3 V2u— uy i ) ar! penis dr’. 


And 


but 


Thus 


so that 


(73) 
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kipa f folie! = = fa (oe oe do! 


jin fo mv f, (uw) (av JA 
= - f, (m. Vv’ Jer : 


pn hi p / 1 n’ £^ 1 ( m , 
-ife dr if T do 4r hs pn,V T do 

iusgidlb egy ip d aro al (lay 
A= vi [fu vif te evi f (mw : do’ . 


These three terms will now be examined and interpreted. The first inte- 
gral checks with the original solution, and is obviously the part of A due 
to a volume distribution of sources, ie., a volume distribution of 
div A- p. 

To see the meaning of the second integral, consider a small flat ele- 
ment of volume extending half on either side of the surface fi», and cut- 
ting from this surface an element df whose dimensions are large with 
respect to the perpendicular dimension of the volume element. Then for 
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the total normal flux of the A vector cut through the surface of this ele- 
ment one has 
fA» de (As- As)dfi , 


since the contribution from the narrow band that forms the sides is 
negligible compared to the contributions from the relatively large top 
and bottom. But if there were spread over fi; a surface distribution 
of sources of strength (A,,+A,,) per unit area, the flux per second out 
from an element dfi; would be (A, --A,)dfi. That is, (A,-4-A,) is 
a measure of the strength per unit area of sources distributed on fi, and 
is therefore called the “surface divergence." Thus the discontinuity in 
the normal component tells the per unit area strength of surface dis- 
tribution of sources, just as the di- 
vergence tells the per unit volume 
strength of volume distribution of 
sources. The second integral of (74) 
therefore gives the part of A due 
to surface distributions of sources. 
The word “source” is nowhere here 
to be thought of too narrowly. One 
Kid can always form a definite physical 
picture by thinking of the sources as 
actual sources, in the ordinary sense, of liquid, and A as a velocity vec- 
tor. But since div E=p, E being the electrostatic intensity and p 
volume density of charge, “charge” plays the rôle of “source” when the 
vector under consideration is electrostatic intensity, and surface dis- 
tributions of charge would give rise to integrals such as the one here 
being considered. 

The third integral gives the part of A due to a surface distribution of 
doublets, i.e., a surface one side of which has a distribution of sources, 
the other a distribution of sinks, the strength per unit area on the two 
sides being the same. This can be seen at once from results obtained in 
chapter ii, where the potential due to a doublet was considered. For there 
it was seen that a surface distribution of doublets whose polarization is 
M. per unit area of surface gives rise to an intensity 


1 AES 
E=—V Lf (e 3L. . 


Thus this third integral is due to a double sheet of moment pn per unit 
area. 
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Volume distributions of sources and sinks, surface distributions of 
sources and sinks, and double-sheet distributions of opposed sources and 
sinks are thus responsible for the three terms of (74). 

E. Second example: It is now desired to determine a vector A from 
the data, 


(75) curl A=i, div A=0, 


i being a given vector-point function. It is further assumed, as before, 
that the vector vanishes at infinity as 1/7?. Then, since the divergence 
of A vanishes, it is possible to write 


(76) A=curl B. 


Now the auxiliary vector B has its curl specified by the equation just 
given, but to specify it completely one may independently assign any 
convenient value to its divergence; in particular, one may assume 


(77) div B=0. 


Indeed, to any given vector B may be added a potential vector yu 
which will not disturb the value of curl B, and such that 


div (B4- Vu) 2 div B+ V2u=0, 


provided that 
Vu=—div B, 


an equation which has been shown to possess a solution. Then, from (75), 
(76), and (77), 


curl curl B=i=V div B—V'B—-—V?B, 


VB--—i. 
That is, 

VB,- —i,, 

VB,— is) 

ide hy oe 
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Each of these three equations is known to possess a solution, it being 
possible to express the solution of all three by means of the vector equa- 
tion 


1 
(78) B= IB drin 
where i is now expressed as a function of 2’, y’, z’. Then, 
(79) Ate cba 
ra Ama) Poe UP 


F. General solution: Now from (69) 


B=-V es R dr’ 
A4 f? 


if curl B—0, and where, under the sign, div’ B’ is expressed as a func- 
tion of z', y’, 2’; while from (78) 


C — curl - f Fide A dr’, 
4m. 


n 


if div C=O, and where, under the sign, curl’ C’ is expressed as a func- 
tion of z', y', 2’. Then if one sets A=B+C, 


div A-div B, 
curl A=curl C , 
and 
agent in bef teli Aa f curl’ A’ 
(80) n= V JE " t +cur f ; dr’ 


Equation (80) is an identity satisfied by any vector-point function A, 
continuous together with its first derivatives. It expresses the fact, 
proved in Theorem 4, that a vector is determined by means of its diver- 
gence and curl, and gives explicitly a vector in terms of specified diver- 
gence and curl. It shows, moreover, that an arbitrary vector is expres- 
sible in terms of a potential vector and a solenoidal vector. This last can 
be seen directly. If, A being an arbitrary vector, one determines a func- 
tion u from the equation 
V*u-div A; 
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sets 
B=Vu, 
and then writes 
A=B+C, 
it follows that 
div B=div Vu=V'u=div A, 


from which it results at once that the divergence of C is zero, i.e., it is 
a solenoidal vector. 

The purpose of this section has been chiefly to show the importance 
of the concepts of divergence and curl; to show that they can be specified 
independently, and that their specification determines uniquely a vector; 
and to indicate the method of determining the vector when the diver- 
gence and curl are specified. 

§ 7. Curvilinear Co-ordinates.—The general theory of curvilinear co- 
ordinates is developed in the text (§ 26), and the expressions for div A, 
curl A, V®, and V?é in general orthogonal curvilinear co-ordinates are 
calculated (§§ 26 and 44). These equations will be re-written, near the 
end of this section, for convenience in reference. Before this is done, how- 
ever, the method of obtaining these relations will be briefly discussed. 

Let two vectors be associated with a point P in space (or, more 
generally, with every point in space). Let the two vectors be represented 
by directed line segments each placed with its initial point at P. Then 
the two vectors (whose magnitudes are assumed to be of the same kind, 
as regards physical dimensions) are said to be the “same” vector pro- 
vided the end points of the two directed line segments also coincide. 
Now a vector may be analytically specified by giving, at each point of 
space, the three components of the vector along the co-ordinate axes at 
the point in question. In this sense, a vector is an ordered set of three 
functions. But two vector fields which, at every point of space, are the 
“same” may be analytically specified by two entirely different ordered - 
triples of functions, provided the two vector fields are referred to two 
different co-ordinate systems. Thus, at every point P of space, let a 
vector point directly away from a fixed point O, and have a length equal 
to the distance O— P. This vector, if one uses polar co-ordinates p, 6, o, 
and a set of unit vectors P’, 8’, g’, corresponds to the ordered set of 
functions p, 0, 0, while if one uses Cartesian co-ordinates x, y, z with 
origin at O, and unit vectors i, j, k, the same vector corresponds to 
the ordered set z, y, z 


365 


THE ELECTROMAGNETIC FIELD 


Now one originally defines the scalar quantity div A in Cartesian 
co-ordinates. The operator “div” associates with the given vector field 
A a scalar field. Then one wishes, whatever system of co-ordinates he 
may be using, to be able to calculate at any point of space, the same 
numerical value div A, given the same vector field A. As a matter of 
direct computations, this is a long and unpleasant task. The work is 
greatly simplified by noting that (as the divergence theorem shows) the 
numerical value of div A at any point P is the limit of the total normal 
flux per unit volume of the vector A out through the surface of any small 
volume containing P, the limit being taken as this volume becomes 
smaller and smaller. This numerical value can be calculated directly 
in general orthogonal curvilinear co-ordinates, and the desired expres- 
sion for div A is thus found very simply. 

Second, given a vector field A, one knows how, in Cattesian co- 
ordinates, to calculate àn associated vector field curl A. The problem 
now is, given this same vector field A in orthogonal curvilinear co- 
ordinates, to obtain the rule for calculating the same associated vector 
field curl A. Again the task of direct transformation is avoided, this time 
by Stokes’s theorem, rather than by the divergence theorem (see § 44). 

Given a scalar field #, one can associate with it a vector field Vë 
by means of the operator V. One knows how to compute Ve from ® in 
Cartesian co-ordinates. To learn how to compute the same vector V4 
from 4, using general orthogonal curvilinear co-ordinates, one might 
proceed to a direct examination of the general relations between differ- 
entiation with respect to x, y, z, and with respect to u, v, w; and the 
relations between the two ordered triples of functions which, in Car- 
tesian and in curvilinear co-ordinates, furnish the analytical specification 
of the vector. Here this unpleasant task is avoided by merely noting 
that V® is a vector whose component in any direction measures the rate 
of change of the scalar $ in that direction. Such a vector can be set up 
directly in the curvilinear co-ordinate system. 

'The calculations just described lead to the formulas: 


. 4 1 [9(Avee) , 9(Asees) , 9(Ave:02) | . 
div A= | te adii: f 
O(esAu) (eA) 1 Hn ee 
bythe i asl Ov ðw e en €xi| OW ðu 


, 1 [8( 649. 39(n49]] , 
ia 7 ðu ðv |: 
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1 o® 13e 1906 
Vb= PREIS WES ISS yee eat 
be iren ez OV K €3 Ow ' 


1 ð €203 2.) ð €183 oP ð €12 oP 
onae a e e A E (lat aid 
sala € Ou -— €) ðv ai e3 ðw ] : 
The foregoing remarks have been made chiefly to prepare the ground 
for a discussion of a vector relation which has, apparently, not always 


been clearly understood. By checking components in Cartesian co-ordi- 
nates it was proved in $ 4 of this Appendix that 


curl curl A= —V?A--V div A, 
where 
V?A—iV!A,--jV:A,--RV?A, . 


If any orthogonal curvilinear system of co-ordinates be used, one knows, 
from the equation written just above, how to calculate at every point 
the ‘‘same” vector curl curl A and V div A. But how is one to compute 
the “same” vector V?A? One may very easily check that the vector 


u'V?A,--v'V? A, +w VA, 


is not the “same” as the vector 


iV?A,-4-JV?A, J-RV?A,. 
If, for example, 
A-irdtjychz, 
then a 
iV?A,+jV?A,+kV?A.=0, 
whereas 


p/V?4,4-0'V?A,--e'V?A, = p'V?p , 


o |t 


That is to say, the simple way in which one computes V?A from A in 
Cartesian co-ordinates does not, if carried formally over to general orthog- 
onal curvilinear co-ordinates, produce the (same) desired vector. There 
is, of course, no reason to expect that so simple a rule would be found. 
The obvious way to learn how to compute V?A in any co-ordinate system 
is to make use of the fact that 


V2A =V div A— curl curl A 
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in Cartesian co-ordinates, and the further fact that one knows how, in 
any co-ordinate system, to compute the quantities on the right. Thus, 
from direct substitution of the results given above it follows that V?A is 
a vector whose component in the u-direction is given by 

Teo d 
7 N 


1 {0 | e3 (Seated Mechel) | A fe (oos ond 
"te os Qv | €3€» ðu ðv Ow | €3€1 ðw ðu 3 


The other two components of V?A can be written at once by cyclic 
permutation of the indices 1,2,3, and of the letters u, v, w. . It is clear 
that the expression for V?A is much simpler in Cartesian co-ordinates 
than in other systems. In space polar co-ordinates, for example, the com- 
ponent of V?A in the p-direction consists of eighteen terms, three of 
which involve A,, Ae, and A,; eight of which involve first derivatives 
of these quantities; and seven of which involve second derivatives of 
these quantities. 

At various points in the text it is calculated, for a certain vector A, 
that 


[Zeas +S anat eet) |} 


iV?A,+jV2A,+kV2A,=iC,+jC,+kC, , 


where C is some given vector. One is then justified in concluding that, 
in general, 
VA=C, 
or that 
V div A—curl curl A=C. 


On account, however, of the complexity in the relations written just 


above, one is not often able to make convenient use of these equations to 
calculate A from a knowledge of C in co-ordinates other than Cartesian. 
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A student is usually told the relations between various units. The 
only relation one ever actually uses, however, is not the relation between 
units, but rather the relation between measures of quantities when cer- 
tain units are used. Thus one actually requires such equations as 


C= V4r €e.s.u. ; 


which states that the measure e of a certain charge in rational electro- 


static units is V/4c times the measure of this same charge in c.g.s. 
electrostatic units.*' Since only relations between measures are actually 
used, and since a statement of the (inverse) relation between the units 
themselves only adds confusion, the table will deal exclusively with meas- 
ures. : 
The following table gives the numerical factors required for the vari- 
ous relations between measures. The first two columns contain the ordi- 
nary electrical entities listed under the heading “Rational Electrostatic” 
or “Rational Electromagnetic" according as one or the other of these 
rational units is used for the quantity in question in this book. Any num- 
ber listed in the body of the table is the factor by which one must multi- 
ply the measure, in the verticaHy corresponding units, of the horizontally 
corresponding quantity in order to obtain the measure of this same quan- 
tity in the appropriate rational units. For example, suppose one requires 
the relationship between P, the polarization measured in rational elec- 
trostatic units, and polarization measured in c.g.s. electrostatic units. 
By observing the numerical factor written horizontally opposite P and 
vertically under the c.g.s. electrostatic heading, one writes 


P= V4 Pesu. E 
Similarly, 
p= [1.063 x 100] Pcoulombs per cu. em. ; 
1 
Bz-—— Be m.u. . 
V/A 


* The absence of subscripts will indicate that the quantity in question is measured 
in rational units. When it is desirable to distinguish between rational electrostatic 
and rational electromagnetic, one may use the subscripts r.e.s and r.e.m. 
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Throughout the table the letter c stands for the ratio between elec- 
trostatie and electromagnetic measures of charge. This ratio is known to 
be numerically equal to the velocity of light. Thus c=3X10". The fac- 
tors for reduction to practical units are given in reduced numerical form, 
since when one uses these he is likely to want a definite numerical, 


TABLE FOR CHANGE OF UNITS 


Reton Raton, C G.S CGS Wap oe 
al | Electro-| Electro- | Electro- Practical a8. | Eleetro- 
o "s d magnet- static magneto M qe Electro magnet- 
Chargen sa. mV. i Cine | qot Vår | cV4m | 1.0603 X107 1 c 
S oor Vár | cV4r | 1.063X 101? 1 c 
itd dod Sto age downs 1 1 
c c 
Continuous densities.. 
Piu it. Vd di CV dea Pree sls Due xd 1 c 
VAS ame: 
M pei EE as LO 
ff c 
Electrical properties c i il x Sc 1 GNIS Dae, 1 Cc 
of matter......... 1M UU AES tox, TESEN EEE EM AA D 1 
al e ae 4m 4vmc? | 1.131 X 108 1 c 
er ation al. bettel tit c 
V 4r | cV 4r 
A : "- 1 
The electromagnetic Ve Ly x de EE TO. rs. 
Bolder: aun deans: dE MES 
1 1 
Een. sae T — | 9.403 X10^* 1 c 
V Am cV Av 
1 1 1 
—= | 0.2821 = 1 
cV Ac V 4r c 
OA E E CD oes 4r 4zc? | 1.131 X10? 1 c 


rather than a literal, answer. The units used, as "practical," are: 
coulombs for charge and charge densities; ampéres for current densities; 
volts for potentials; volts per centimeter for electrical intensities; gausses 
for magnetic intensities; microfarads for capacity; and reciprocal ohm- 
centimeters for conductivity. The reciprocal of the conductivity in 
reciprocal ohm-centimeters is the resistivity in ohm-centimeters, i.e., 
the quantity which, when multiplied by length in centimeters and 
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divided by cross-section in square centimeters, gives resistance in 
ohms. 

This table gives, in the first instance, the relations between measures 
in rational and in other. units. It can be used, however, to obtain rela- 
tions between measures in any units. Thus suppose one requires the rela- 
tionship between measures of electrical intensity in c.g.s. electromagnetic 
and in volts per centimeter. One writes from the table, 


era a 


E- ur 
CV Ar 


E [9.403 X 10-4] Esas per cm. » 


from which one obtains at once as the desired result, 


Eemu. = cv 4r[9.403 x 10-4] Eyoits per cm. - 
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FORMULA INDEX 


All of the more important formulas of the text are included in this 
Index. The numbers on the left are the equation numbers, as they occur 
in the text. The numbers on the right are the numbers of the pages on 
which these equations first occur. Any question concerning the meaning 
of notations should be settled by reference to the text page indicated. 


CHAPTER I 
The force on a second charge due to a first: : 
»» 
l ee. , 
(1) F= 27 a x T12 . B . EN ID s. Murs " . ° cbe" ae a 4 


The mutual electrostatic energy of a set of charges: 


ME €46j 
due Oe MERE I roadie ene 


The electrostatic potential: 


- 1 €i 
(7) Sar SU SEAN ECA EY Gay ES, er aims! ea tT 
The electrostatic intensity: - 
PEA ERRORI NETUS ROMAN ee cO CM LED V1 


'The force on a charge e: 


Fe =E = —evó . . . . . . . . . . . * . . . 11 


The polarization of a complex: 


(10) PEDT ae AE N o a a m a hA wu s ^g) 
The r- and -components of the force on a charge e due to a doublet of 
moment f: 
cos 0 
a)  (F9,- E EP IURI | RERO EI SOR OTRAS 
a) FdE ae a cake ui aOR AURAL erate hho 38 


The force on a complex: 
(13) P= EDO Hiv Ea "gut ut oN ae Slee a al 
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The torque on a complex: 

(14) Tis Ot reas ee vant oh re, th a e a) E 
The induced polarization of an isotropic complex: 

(16) b-kE . 
The potential due to a body: 


(42) — 4xb- NAE a fta f (s A Dae 
(44) fies P’) a's fe ae ae f (wiv Jr xi 
The mutual electrostatic energy of a set of bodies: 


(5) — w- fpsdr-- f (P,v&)dr 4- f qbde 4- f (n, v)de | | 
= f&(o— div P)dr+fo(n+P,)do+f (p, v&)de 
The force on a body: 


(52) E=fpEdr+fnEdo+f(P,v)Edr+f (p,v)Ede ) 
= f E(o — div P)dr-- f E(n4- P4)do 4- f (p, v) Ede 
The torque on a body: 


(53)  T-f(r,Elir-4- f(r,sEo -- f (P,E)dr -- f (n, E]de +J (r,(P, v) Ev 
flr, Gv E)Mo 


= f(r,E(o —div P)]dz 4 f [r,E(» 4- P) do + f In, Ed 
E fir, (o, v) Edo 


CHAPTER Il 


The force on an interior charge due to non-neighboring charges: 
1 1 
(63) E*=E +3 P= -Vots E 


The characteristic equation for a conductor: 


(66) E*=E=-Ve=0 . . EEE AAL T S 


The potential due to volume and surface distributions of charge satisfies, at all 


external points, the equation: 


Vb =() 


The potential due to volume and surface distributions of charge satisfies, at 


interior points, the equation: 
(68) Vo= -div E=~p t Lol o St Se PR 
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67 


86 


89 


94 


96 
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The potential due to charged conductors satisfies, at all points: 
(00 SUO MEE m IPM AA. WM uL DO 
On any charged surface, the normal derivatives of the potential satisfy the 
boundary condition: 


CTO): eS ak eh te cae ae ee mse ERY OS 


On the surface of a conductor: 


oo 
Ce bm c CREE us ET 


The electrostatic problem for conductors: 
a) V —0 at all points 


b) Either the constant potential 9; or the total charge e; of each 
conductor must be known; thus ® reduces, on the surface 2; of 
the ith conductor, to a known constant ©; or 4 reduces to an 

(I) unknown constant, while 100 


oo 
fo = ET an do=e; 


c) ® is regular at infinity 


Gauss’s theorem: The total charge e on and within any surface Z is given by 


odo 
(75) ex [SS aee iei Mocan preio mio ka s (0. | | 102 
The divergence of a vector in curvilinear co-ordinates: 
. c 1 10: 0272) 9(À ,e1e3) (A wee) 
an az] aaa Qu a | 120 
The nabla of a scalar in curvilinear co-ordinates: 
Ll, ,1 98,1 38, 
"ind 9 au" ny av” ue dw 121 
The Laplace operator in curvilinear co-ordinates: 
T 1 Ô ez Ob 9 ee 0o ð €182 ode 
y^ E e ðu' Ov e à» dw e “4 121 
The polarization of a dielectric: 
CO NEEP-—T Ll SR A. ees ar ie ei certes no^ 42 


The characteristic equation for a dielectric: 
divP--—diyEsv9s0. . . + QV BVA . 09743 
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On a surface between two dielectrics: 
Oop Ob 
(84) € me ae À 
On a surface between a dielectric and free space: 


(85) € an, n; 


On a surface between a conductor and a dielectric: 


The electrostatic problem for conductors and dielectrics: 
a) V?é —0 at all points 


b) 4 is continuous everywhere except across surfaces where »=0; 
across such surfaces $;—@.= p 


c) Across a surface between two dielectrics 


Ob Ob 
& on € an 
d) Across a surface between a conductor and a dielectric 
(II) p: 


err m 


on 


e) On the surface of a conductor 
i) $ is a known constant ®;, or 
ii) 4 is an unknown constant, while 


[2 
f: an do — — 6; 


f) 9 is regular at infinity 
The polarization of a dielectric in a given external field: 


P —(e—1)[E? — vU] , 


where 
a) VU -0 
b) U is continuous 
ðU al 
c) Tm ange DES 


d) U is regular at infinity 
The potential due to a uniformly charged dielectric. Compute: 


e) u=—2(pv f) 


T 
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144 


144 


145 


146 
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for P constant. Then if U be constant, determine P from 
(92) Palm) (VU). (€ 1l. VO . S. ee 


The mutual electrostatic energy of a system of conductors and dielectrics: 


(96) Was Bar Matic riot aai ea 


CHAPTER III 


The magnetostatic force per unit of moving charge: 
a A EE . iU Fe 


The magnetostatic vector B: 


1 mr 
(107) Lam [ewe =| ok ; Vae qe oo F a 
The magnetostatic vector potential: 
Tn eh eivi 
(109) A= m^ Tj 


(108) B=curl A 
'The magnetostatic vector potential due to a complex: 
E ELE A 
(113) Aere | my 1 Kern cales Mot aeu c 


The magnetostatic vector potential due to a body: 


ines we al TERT 
(117) Amy f. dr +E f [1s 1 Ja ` 


; , + 1 
(124) * 9 al f t teur! My 1 f [Mr], 
4r 4r r 


r 


The magnetostatic vector B due to a body: 


ENT. ; / 1 T! , ES ? " il i 
(125) -5f |: -Feurl' M’,V rJe- +x f [m ,n]v d do 7 


The magnetostatic vector B due to volume currents only: 


Ske ola 
(126) =z. f [ev z]e Var oomen 


The magnetostatic vector B due to linear currents only: 


ITI dn 
(127) pe [ee Et su alterae". 
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185 


185 


186 


186 


189 


194 


198 


199 
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At points in free space: 


div A=0 
curl A=0 

(129) A c4. RO vie. 14735 Bee ee aR EN 
div B=0 


curl B=curl curl A=0 


The magnetostatic vector B at a point in a body and due to non-neighboring 
charges: 


(137) B+ =curl A-2 M MEM. MTS Ss Lec ELT De 


At points within a body, the magnetostatic vector potential satisfies the differ- 
ential equation: 


(136) curl curl A=i+curl M 
On the surface of a magnetized body, the normal derivatives of the magneto- 
static vector potential satisfy the boundary relation: 


ðA , 0A : 
(138) mutas T bns iu Ew ae EET SE 


The magnetostatic problem: 
a) VA=—(i+curl M) 


b) A is continuous 


(III) dA ,0A _ eg ^P Ko te Bd icy Ta’ be 
c) om aum — [M,n] 


d) A is regular at infinity 

The magnetostatic force on a complex: 

(148) F=(j,B)+-(m,V) Beets el pc ee . A 
The magnetostatic torque on a complex: 

(149) T=|m;B) ge wait, E is LX. M EE MES 
The magnetostatic force on a body: 

(150) F= fi Blar MVB 1. icd dale tss ER 
The magnetostatic torque on a body: 

(151) T = [[M,B]dr+ fir,li,B]ldr + fir,(M,V)Bldr . . . . . . 


The magnetization of a body: 


(153) Mm (125)8 i. nor non e [oem mt mm 
u 
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217 


218 


218 
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The characteristic equation for bodies whose magnetization is proportional to 
the B vector: 


curl curl A=curl B=curl M-0 . . . . IR ge brats arene fot ae PP 


The electrostatic and magnetostatic motional intensity: 


Total intensity =E +4 [v,B] S ae, MET ete Cee het EN eie es E LAU. 
Ohm's law: 
a 
c TO MNEATKCIFCUITS) e cc noe: 
(160) $4 —ðpg=cRI] | 
pee? for volume conductors E OS Wien us vast 
c 


The steady state of currents in volume conductors is characterized by 


(163) a) Vb=0 


(164) b) d&/dn=0 on the boundary between a conductor and a dielec- 
tric or free space : 285 


(165) c) ae +o Hd =0 on the boundary between two conductors 
1 2 


For a body equipped with surface electrodes: 


a) V? —0 in the iltetiof d. Lo ve ca ee I ek ree 
bD) =p on electrode A, ete: OL "SE e 236 
c) a =0 on the remainder of the boundary . . . . . . 236 
d) alat Ebi p... SQle’.. « whe es ee 52 51. 287 
£T A--T nal 0L but sos EMEN ONE S eR 29d- 


For a body equipped with very small electrodes: 


a) V? —0 everywhere except at interior points A .... where 
interior electrodes are located, and at points A’.... 
on the boundary, where surface electrodes are located 


b) At A .... and A’.... & becomes infinite as 


238 
el, PV 
ZEE SA + Dear as 
oeae o arborem 
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For a body equipped with small circular surface electrodes: 


a) V? —0 at all interior points 


Od — cl k 


b an ~ 9sca, Vai —r] 


on the kth electrode 


c) se =0 on the remainder of the boundary 


CHAPTER IV 


The field equations for free space: 


(167) cun Bei. nue Fol 205 £5.10 Mara ade 2 amen 

(168) curl E= -È ^om a su iom aaa aera 8 cv 

(169) div E=p . . 260 

Dro Ee iv Ba.) OPE UR cuo iss ee TORO EE 

(171) F=E+} vB]. o . compe a ab. a a gaa 
The equation of continuity: 

(172) div (pu) -5 -0 . 261 
The field equations within matter: 

(175) curl pzieE-tuel voll-eds Mcmbnienes ndi do (ex $7 Ao 5 9 A 

(176) curl E = - "REUS LC ens WE Were ns B0 

(177) diveE=p . .' . . hodina Teme vier dinebesuiena bod 4263 

(178) andir B=0 h. ateiog weetnl da dames. onderne Deere!” oes 
The circuital relations when the dependence on time is sinusoidal: 

(180) curl B, hue tune) Bate EE m : 264 

(181) curl E, = -2 Bí; E E ET tue A 9. 204 
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The Poynting vector: 
(183) S=clE,B] . 


The electromagnetic momentum: 


(191) C= f se 


The solution of the field equations for free space—the retarded potentials: 


(209) onz f a 


=| ( iu} 
(210) a-f dr 


B=curl A my Pee He eed Wiles 


(19 E= —ve—4 


Alternative expression for the retarded potentials: 
1 (em Odidndt 
(212) fel fr} { 1-5 j 
1 p(Em,t) {u}didnds 
ABO Aom] Eb oat 


The fields due to a moving set of relatively fixed charges: 


ew) B= (1! Er) niea 15 lS eg) 
u 
71 —- ) (nr) tc — (u,u)] 
(217) pa | ——H* epee) EU mm 


The field of à uniformly moving point charge: 


el-e) R 
e PO aa 
Felt- e) [w,r] 
G2)  B- 0 aR not otn 
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285 


285 


186 


280 


291 


292 


296 


297 


298 
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The field of a uniformly moving extended charge: 


nn MET TE T. 
HANE ir i (X-9*F(Y-9Z -pPyp^ 


B oM Ot 
Ex-2-—(-g)1i^ aX 
mod 
(229) E,-2-—(1—8) UY T CAEN T sie 
T 
a 82 
as 99 
By-80—8)"^ ay 
[T d 


ox 
B,=0 ) 


By,2—8(—8)3^ 


The longitudinal and transverse electromagnetic mass: 


nmi 

Q39)  m-X. 
aad, 

040) m=i 


The longitudinal and transverse electromagnetic mass of the Lorentz electron: 


Fan SER d o iei 
É “arae un 


(241) 


e 
Mene SM Iho a E 
m Grad (1—6): 


The longitudinal and transverse electromagnetic mass of the Abraham electron: 


Oaa | (254-36 
m = 75 (Gg +p e+...) $11 


e ey Mn 13d 
m = sal (173) T (+5) + (5+) [Shia pectore ‘| 


The rest mass of the Abraham or Lorentz electrons: 


(242) 


e 
brac? 


Mo = 
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The field due to an oscillating dipole: 


BU? NI: 
(247) B=} Ane tg 4mTC 


pl RIR 


1 
(248) L URRAN o. (Rit) 


The wave-zone field due to an arbitrarily moving point charge: 


B = iri Ell 


€ 5 
(254) E= = [r[R,ù]] | . 
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Abraham electron, 304 

Activity equation, 264 

Addition of vectors, 330 

Ampère, experiments of, 176 

Analogy, between electro- and magneto- 
statics, 214 

Angle, between two directions, 332 

Appendix, Mathematical, 329 

Axis, of polarization, 17 


B; see He pene intensity or Mag- 
netic field strength 

Biot and Savart, law of, 185 

Body, charged, 4 

E conditions, electrostatics, 146, 
21 
general case, 261 
magnetostatics, 208, 213, 215 

Bounds, for derivatives of intensity, 20 
for intensity due to complex, 20 


Capacity, definition of, 123 
of spherical shells, 124 
of sphere, 124 
of parallel wires, 138 
of wire, 137 
units for, 165, 369 

Cavity, charge in, 106 

Cells, surface, 50 
size of, 42-44 
volume, 38 

Change, rate of; see Directional deriva- 
tive 

Characteristic equation, for conductor, 


89 
for dielectric, 142, 143 
Characteristics, essential electrostatic, 67 


Charge, concentration method, 32 

conservation of, 261 

extended; moving uniformly, 300 

in cavity, 106 

induced, 106 

law for motion of, 309 

point, moving arbitrarily, 316 
moving uniformly, 297 

rational unit of, 4 

surface density of, 51 
and polarization, 67-69 
units, 369 

units for, 4, 162, 369 


volume density of, 34-36, 48, 49 
and polarization, 67-69 
units, 318, 369 


Choice of field vectors, 327 

Circuital relations, 261 

Circuits, relatively moving, 254 
Circular disk; see Disk and Electrode 
Complex of charge, definition of, 15 
Concentration method, 31 
Concentric shells; see Spherical shells 


Condenser, cylindrical, 136 
| parallel plate, 163 
| spherical, 123 


Conducting sphere, in constant field, 166 
rotating; see Rotating 


Conduction current, 264 


Conductivity, definition of, 233 
units for, 244, 369 


Conductors, and dielectrics, problem for, 
146 - 
energy, 157 
characteristic equation for, 89 
definition of, 86 
problem for, 91, 100 


Conjugate functions, 165 
Conservation, of charge, 261 
of momentum, 276 
Constant, dielectrie; see Dielectric con- 
Stant 
Constitutive force, conductor, 87 
relations, for dielectric, 142 
for magnetizable media, 220 
Continuity, equation of, 261 
Convection potential, 300 
Convergence, expansion of intensity, 20 
expansion of potential, 32 
Co-ordinates, curvilinear; see Curvilinear 
Coulomb's law, 3 
possible alterations of, 5 
Curl, of a vector, 181, 338, 339, 345, 355, 
357, 363, 366 
Curl curl, 346, 367 
Current, conduction, 264 
convection, 194, 264 
definition of, 175, 189, 193 


electromagnetic unit of, 175 
electrostatic, unit of, 175 ; 
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in volume conductors, 236 
half-space, 241, 242, 244 
point source, 238 
spherical electrodes, 241 
surface electrodes, 236, 239 

of a complex, 189 

shell; see Cylindrical shell 

surface density of, 196, 369 

units for, 175, 318, 369 

volume density of, units, 318, 369 

Curvilinear co-ordinates, 116, 365 

cylindrical, 118 

divergence, 120, 365 

ellipsoidal, 126 

nabla, 121, 365 

nabla square, 121, 365 

polar in space, 118 

polar in the plane, 117 


Cylinder, logarithmic potential due to, 
135 


Cylindrical condenser; see Condenser 
conductors; parallel, 138 
shell, of currents, 208 


D; see Electric displacement 
ó-sphere, 81 
Depolarizing factor, 153 
for ellipsoid, 155 
for sphere, 153 
Densities, of charge and polarization, 
usual definitions, 74-75 
dependence on subdivisions, 67-69 
of moving charge, 194 
relation between, 67—69 
surface; of charge, etc.; see Charge, 
ete. 
volume; of charge, etc.; see Charge, etc. 
and surface, physical interpretation, 
54 


Derivative, directional; see Directional 
Determinant, for vector product, 334 
Diamagnetic bodies, 221 
Dielectric constant, 142 
units for, 163, 369 
Dielectric, and conductors; energy, 157 
definition of, 140 
image method; see Image method 
polarization in given field, 150 
sphere, 151 
rotating; see Rotating 
Differential operators, 334 
Dipole, oscillating, field of, 309 
Direction cosines, 331 
Directional derivative, of scalar, 8, 334 
of vector, 21, 341 
notation for, 336 


Discontinuities, in potential, 359 


Disk, circular charged, 133 
electrode, 239 
Displacement, electric; see Electric dis- 
placement 
Distribution of currents, 236 
Distribution problem, for conductors, 91 
Divergence, 336, 337, 345, 355, 357, 359. 
366 


curvilinear co-ordinates, 120, 365 
of polarization, 143 
theorem, 100, 347 


Doublet, electrical, 17 


E; see Electrostatic intensity or Electric 
field strength 

Effective position, of charge, in electro- 
statics, 22 


Electric displacement, 319 


Electric field strength; see also Electric 
intensity 
Electric field strength, electrostatics; see 
Electrostatic intensity 
general case, 259 
units for, 318, 369 
induction, 167 
intensity, electrostatics, 10; see also 
Electrostatic intensity 
arbitrarily moving point charge, 317 
doublet, 18 
general case, 259 
oscillating dipole, 312 
relatively stationary charges, 297 
uniformly moving point charge, 297 
extended charge, 302 
vector; see Electric intensity 
Electrodes, circular, 239 
point, 238 
spherical, 241 
surface, 236 
Electromagnetic electric intensity; see 
Electric intensity 
energy, 266, 269 
field; see Field 
force, 260, 271 
magnetic intensity; see Magnetic in- 
tensity 
mass, 306 : 
momentum, 272, 276 
deformable charge, 305 
rigid charge, 303 
uniformly moving charge, 303 
potentials, scalar, 280, 285, 291 
vector, 279, 285, 292 
units, 369; see also Entity in question 


Electromotive force, 254 
Electron, 4, 304 


Electrostatic characteristics, of a body, 
67 
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Electrostatic energy, internal, 11 
mutual, 5, 8, 30, 62, 64, 157 
volume density of, 162 
Electrostatic equilibrium, 87 
TOR force, charge and complex, 


constitutive, 140 
normal value, 141 
due to doublet, 18 
expressed as nabla, 10 
on body, 64 
on charge, 8, 80, 87, 88, 140 
on interior charge, 7 9-88, 140-42 
two complexes, 18 


Electrostatic intensity, 10 
refraction of, 164 
units, 163, 369 
E*, 81, 86 
Electrostatic potential, 11, 46, 53, 72, 89 
additive property, 105 
behavior at infinity, 99 
conditions on, 100, 146 
continuity of, 97, 98, 143, 144, 145 
derivatives of, 63 
differential equation for, 96, 143 
due to any body, 38, 40—46 
charged sphere, 121 
complex, 16, 25, 26, 40 
dielectric, 142, 153 
ellipsoid, 126 
non-neighboring charges, 81, 84 
spherical shells, 123 
surface charge, 97, 98 
polarization, 90, 91 
uniformly polarized dielectric, 153 
group, 80 
logarithmic, 134 
multiplicative pm 104 
uniqueness of, 100, 
units for, 163, 369 
Electrostatic problem, 100, 146 
uniqueness of, 100, 146 
Electrostatic torque, on a complex, 18 
on a body, 67 
Electrostatic unit, of charge, etc.; see 
Charge, etc. 
Ellipsoidal co-ordinates, 126 
conductor, 126 
dielectric, 155 
Energy, electromagnetic; see Electro- 
magnetic energy 
electrostatic; see Electrostatic energy 
flux; see Poynting vector 


localized, 2 266 
magnetostatic; see Magnetostatic en- 
ergy 


Equation of connection, between po- 
tentials, 280 
of continuity, 261 


Equilibrium; see Electrostatic  equi- 
librium 


Bue NE of various densities, 56, 59, 


Essential electrostatic characteristics, 67 


, Examples, illustrating meaning of densi- 


ties, 54—59 


Factor, depolarizing; see Depolarizing 
factor 

Faraday's law of induction, 261 

Ferromagnetic bodies, 221 


Field, arbitrarily moving point charge, 
16 


3 

doublet, 18 

oscillating dipole, 312 

point charge, 10 

relatively stationary charges, 297 

| State of, 256 

| uniformly moving extended charge, 
30 


point charge, 207 

Field equations, 254, 260 
in c.g.s. units, 319, 320 
in c.g.s. electromagnetic units, 321 
in rational electromagnetic units, 321 
in terms of Maxwell's vectors, 319 
sinusoidal dependence on time, 264 
solution for free space, 279 
within matter, 262, 263 

Field strength; see Electro intensity and 
magnetic intensity 

Field vectors, choice of, 327 

Fields, vector; see Vector fields 

Force, electromotive; see Electromotive 
force 
electrostatic; see Electrostatic force 
equation, general case, 260, 271 
magnetostatic; see Magnetostatic force 

Flux, total normal, 119 


Fundamental law, of electrostatics, 3 
of magnetostaties, 173, 184 


Gauss’s theorem, 102 
Green’s theorem, 100, 348 
Group potential, 80 


H, 219 
Hertzian oscillator, 310 


lmages, method of, 109, 110 
dielectries, 148 
intersecting planes, 111, 112 
possible problems, 114, 115 
sphere, 112 
two spheres, 115 

Induced charge, 106, 126 
intensity, 255-58 
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Induction, electric, 167 
Infinity, behavior at, of electrostatic po- 
tential, 99 
of magnetostatic potential, 207 
Inherent polarization; see Polarization 


Integral transformations; see Trans 
formations 

Integrals, line; see Line integrals 

Intensity, electric or electromagnetic; see 
Electric intensity 
induced; see Induced intensity 
magnetic or electromagnetic; see Mag- 

netic intensity 


Intrinsie polarization; see Polarization 
Isotropic atom, 24 


Laplace's equation, 94, 95, 96, 100, 101, 
104, 105, 106, 109, 121, 122, 129, 135, 
137, 143, 146, 150, 151, 201, 222, 235 
236, 238, 239, 240, 242 

Legendre polynomial, 15, 151, 225, 229 


Limits, for derivatives of intensity. 20 
for intensity due to complex, 20 


Line integrals, 342 
Localized energy, 266 
Logarithmic potential, 134 


Longitudinal mass, 306 
Abraham electron, 307 
Lorentz electron, 307 


Lorentz electron, 304 


Magnetie field strength; see Magnetic 
intensity 
Magnetic field strength, magnetostatics. 
see Magnetostatic intensity 
general case, 260 
units for, 318, 369 
intensity, magnetostatics: 
netostatic intensity 
arbitrarily moving point charge, 316 
general case, 260 
oscillating dipole, 312 
relatively stationary charges, 296 
uniformly moving extended charge. 
302 
point charge, 298 
permeability; see Permeability 
vector; see Magnetic intensity 


Magnetization, curl of, 221 
of a complex, 188 
relation to B, 220 
surface density of, 198 
units for, 319, 369 
volume density of, 191, 193 


see Mag- 


Magnetostatic energy, 219 
force, on a body, 218 
on a charge, 185 
on a complex, 217 
on an interior charge, 202 
intensity, 185 
B*, 202, 206 
conditions on, 213 
continuity of, 212 
due to linear currents, 199 
volume currents, 199 
units for, 318. 369 
potential, 185 
behavior at infinity, 207 
conditions on, 208 
curl of, 200 
differential equation for, 206, 222 
divergence of, 200 
due to body, 191, 194 
complex, 187 
interior points, 201 
uniqueness, 207 
units for, 318, 369 
problem, 207, 208 
torque, on a body, 218 
on a complex, 217 
Mass, electromagnetic; see Electromag- 
netic mass 


Mass, rest, 307 
Mathematical Appendix, 329 


Maxwell field equations; see Field equa- 
tions 


Maxwell stresses, 272 
anisotropic medium, 275 
limitations on, 274 


Maxwell term, in field equations, 260 
Method of images; see Images 
Moment of polarization, 17 
Momentum, electromagnetic, 272, 276 


Motion, of charge, 174 
fundamental law, 309 


Multiplication, of vectors, 332 


Mutual electrostatic energy; see Electro- 
static energy 


Nabla, 8, 121, 335, 346, 367 


Nabla square, 121, 346, 367 
of a vector, 367 
see also Laplace’s equation and Pois- 
son’s equation 


Normal flux, total; see Flux 


Oblate spheroid; see Spheroid 

Oersted, 175 

Ohm’s Law, 232, 234 

Orthogonal curvilinear co-ordinates, 117 
Oscillating dipole; see Dipole 
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Paramagnetic bodies, 221 
Partial integration, 347 
Permeability, magnetic, 221 
units for, 231, 369 
Plane polarized light, 313 
Poisson’s equation, 68, 96, 121, 137, 206, 
207, 208, 215, 221, 225, 228, 247, 353, 
357, 359, 363, 364, 365, 368 
Polarization, 17, 32 
axis of, 17 
induced, 24 
inherent, 24, 89 
of complex, 16, 22, 25 
of conductor, 87 
of dielectric, ellipsoid, 155 
in constant field, 150 
sphere, 151 
when polarized uniformly, 153 
of isotropic us 24 
moment of, 1 
relation of, i E, 142 
surface, 51, 52, 89-91 
super, 33 
units for, 163, 318, 369 
volume density of, 37, 38, 49 
Polynomial, Legendre; see Legendre 
Position, effective; see Effective position 
Potential, convection, 300 
electrostatic; see Electrostatic 
electromagnetic; see Electromagnetic 
logarithmie, 134 
magnetostatic; see Magnetostatic 
scalar, for steady currents, 235 
see also Electrostatic and Electro- 
magnetic 
vector; see Magnetostatic and Electro- 
magnetic 
Poynting vector, 266 
ue to oscillator, 313 
due to uniformly moving charge, 303 
Practical units; see Units 
Pressure, radiation, 277 


Product, scalar; see Scalar 
vector; see Vector 


Prolate spheroid; see Spheroid 


Radiation damping, 315 
Radiation pressure, 277 


Rational unit, 4, 369; see also Entity in 
question 


Reciprocity theorem, for electrostatics, 
165 


Refraction of intensity vector, 164 


Regularity, statistical; see Statistical 
regularity 


Regularity at infinity, 99, 207 


Relativity, 324 
Resistance, of half-space, 241 
of infinite conductor, 241 
of two half-spaces, 242, 244 
of wire, 234 
Resistivity, 245 
unit of, 245 
Rest mass, 307 
Retarded values, 283 
potentials, 285 
Rod, charged, 133 
Et. conducting sphere, in magnetic 
e 
nee sphere, in magnetic field, 227 


Scalar magnitudes, 330 
-point function, 334 
| potential; see Electrostatic and Elec- 
| magnetic 
| product, 332, 345 
Shells; see Cylindrieal and Spherical 
Solenoidal vector, 353, 364 
Specific inductive capacity; see Dielectric 
constant 
Sphere, charged, 121 
conducting, in constant field, 166 
5; see ó-Sphere 
dielectric, 151 
rotating; see Rotating 
see also Images 
Spherical shells, concentric, 123 
Spheroid, oblate, 132, 304 
prolate, 132, 304 
Spreading method, 34-37 
State, steady; see Steady state 
Statistical nature, of electrostatics, 29 
Statistical regularity, of charge, 45 
of polarization, 44 
of potential, 63 
of volume densities, 46 
Steady state, 171 
Stokes’s theorem, 181, 349 
Stresses, Maxwell, 272 
Superposition, electrostatic law of, 5 
Surface density, of charge, ete.; see 
Charge, etc. 


Torque; see Electrostatic torque or 
Magnetostatic torque 


Total normal flux; see Flux 
Transformations, integral, 347 


Transverse mass, 306 
for Lorentz electron, 307 
for Abraham electron, 307 
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Uniformly moving extended charge, 300 potential; sce Magnetostatie and Elec- 
point charge, 297 due e ip 
: : 3 c : produet, : 
Uniformly polarized dielectric, 153 Symbols Cor! 331 
Uniqueness, 100, 104, 146, 207, 262 unit, 332 
Unit vectors, 332 Velocity, of moving charge density, 194 
Units, 369; see also Entity in question Volume cells; see Cells 


Volume densities; see Entity in question 
Vector, addition of, 330 


components of, 330 Wave-equation, 281 
definition of, 330 solution of, 282 
fields, 352 Wave zone field, of oscillator, 312 


multiplication of, 332 Wire to earth, capacity; see Capacity 
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